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PREFACE

This book is the outgrowth of a short course in Planetary
Geolagy, conducted in the Spring of 1976 for high school science
instructors from Fairfax County, Virginia, organized by Peter H.
Schultz? and Ronald Greeley, then of the University of Santa
Clara, California. William Johnson, Fairfax High School Earth-
Science Instructor, and Lee Ann Hennig, Fort Hunt High School
Planetarium Director, were participants in the short course and
agreed to take a primary role in preparing a previous edition of
this book entitled Curriculum Guide in Planetary Geology for
Earth Science Instruction. Using material from the short course,

‘Johnson and Hennig tested some of the exercises in the classroom.

From their experience, conversations with other participants,
and use at Arizona State University, the exercises were modified
for incorporation within this edition. Greeley and Schultz edited
and guided the various drafts of the original curriculum guide;
D'Alli znlarged and edited that guide into the present version.

We recognize the need for continued classroom testing of
the material included in this book. User comments and sugges-
tions for improvements are solicited and welcomed.

Richard D'Alli & Ronald Greeley, 1982
Department of Geology

Arizona State University

Tempe, Arizona 85287

+Current address:  Lunar and Planetary Institute
3303 NASA Road 1
Houston, Texas 77058

U
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\ : INTRODUCTION

Contemporary earth science coursgs gen-
erally include a modest introduction to the
solar system. The justification is reasonable
enough: the challenge of the earth sciences is
to understand the natural processes of the
terrestrial environment, and the sun and
planets are part of that total environment. But
there are more compelling arguments for an

expanded, perhaps central, role that curricu-
lum planners should consider giving to plane-
tary science. Those arguments, a few of which
are outlined below, have inspired NASA to
conduct short courses in lunar and planetary
science for earth science teachers at the second-
ary and college level. This book is a revised edi-
tion of the results of one of those shortcourses.

THE PLANETARY PERSPECTIVE

. Few, if any, natural phenomena can ever
be understood in a figurative vacuum, isolated
from their relationship with other natural
phenomena. The planet Earth, even taken as

_ one, enormous entity, is no exception. The

natural forces that have driven Earth’s evolu-
tion and shaped its surface are most likely
operating elsewhere in the solar system. |t is
the job of the earth scientist to recognize
those forces on all planets and explain why
they are manifested on our world in ways that
seem familiar, and on other worlds in ways
that may net.

The earth scientist is also concerned with
earth materials, the building blocks of this
planet. If there has been one illuminating by-
product of space exploration, it has been the
emergence of a unifying vision of the birth
and growth of planets. Pictures of the planets
sent back hy spacecraft strongly suggest the
fraterisity of the inner planets. Rocks and soil
brought back from the Moon bear remarkable
similarity, and- of course, important differ-
ences, to earth materials. Even spacecraft
pictures of the jovian satellites, planets them-
selves by right of size, have astounded scien-
tists with their exotic, but recognizable
surface materials. The American geologist
T. C. Chamberlin (1843 - 1928) once wrote
that when approaching a scientific problem, it
was most important to maintain several—not
just one—working hypotheses. Prior to space

travel by man and machines there were, in
fact, only terrestrial examples of planet-
making materials and processes. Now it has
become possible to take that all-important,
scientific step of devising general theories
from a collection of working hypotheses. The
multiple working hypotheses come from the
scenes of extraterrestrial environments.

A major goal of science is prediction.
Once primitive, generalized theories are for-
mulated, experiments-are designed to test the
theories by their predictions. Some experi-
ments that could address the problems of
earth scientists simply cannot be performed
on Earth, in a laboratory or otherwise, because
of their monumental proportions. What could
be more illustrative, elegant, or challenging
than to consider the other planets as great
experiments rurining under conditions differ-
ing from those on Earth? The result may be
not only to gain insight into planetary scale
problems, but also to escape the somewhat
limited and often myopic earthbound view of
nature. '

Along thesz same lines, there is further
reason to incorporate .planetology into the
study of earth science. The earth scientist is
painfully aware that the dynamic processes
active on Earth today have virtually wiped
clean the very record of their own history.
However, relicts and indirect evidence of our
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own deep past exist in various states of pre-
servation on other planetary surfaces. A
common tactic used by scientists to under-
stand complex systems is to study simpler,
analogous systems. While the Earth is a
complex, turbulent, and sometimes delicately
balanced system, the other planets may
represent stages in the evolution of that
systemn that, for one reason or another, have
been arrested in their development. To avoid
a touch of geocentric parochialism it must be
said that the Earth may well be a simpler case
of more complicated but as yet unstudied
planets,

Finally, the study of the Earthand planets
on a grand scale is not without practigal bene-
fits. Better analysis of the characteristics and
motions of the atmosphere, sea, and exposed
cultural value. Meteorologists, for example,
have been observing Earth’s weather since

Ben Franklin's day. What has been missing is
another model, another atmosphere to study,
where the variables are different, but the
dynamics are as definitive. We just may have
found those requirements in the atmospheres
of Venus, Mars, Jupiter, and Saturn.

We are living in a time of revolutionary
discoveries in earth science. Although we lack
the historical perspective to say for certain, it

and planetary sciences over the last 20 years
will be likened to Galileo turning the first
telescope toward the heavens. From a scien-
tific standpoint, and perhaps also from that of
a curriculum planner, earth science is a special
case of the more general planetary or solar
system sciences. This then, if for no other rea-
son, is the motivation to study other worlds,
to learn more about that celestial neighbor-
hood in which we occupy a small, but life-
sustaining place.

ABOUT THIS BOOK

Science education has been and will con-
tinue to be an integral part of any scientific
endeavor, When the National Aeronautics and
Space Administration was created by act of
Congress in 1958, its charter required the
agency to ”. .. provide for the widest practi-
cable and appropriate dissemination of infor-

thereof.” Part of that responsibility includes
introducing young students to the scientific
and practical results of space exploration.
This volume has been designed to do just that.

In the spring of 1976 a ’Planetary Geology
Short Course’” was conducted by NASA in
cooperation with the University of Santa Clara
and the Fairfax County, Virginia, Public
School System. The participants were earth
science teachers and planetarium directors

introduce the teachers to activities in (and
sources of information about) pianetary geo-
logy, which could be used in their classrooms.
Specific topics were discussed by noted

-scientists who specialize in lunar and plane-

tary geology, climatology, geochemistry, and
other related fields. Many of the activities in
this book are adaptations of actual exercises
used in the short course. The course was
directed by Dr. Ronald Greeley, presently at
Arizona State University, and Dr. Peter Schultz
of the Lunar &nd Planetary Institute in
Houston. '

The activities in this book have been
designed either to supplement or to introduce
topics usually encountered in earth science
courses. Consistent with the rationale outlined,
in the preceding paragraphs, most activities
deal with new concepts in planetary geology,
but, when generalized to include terrestrial

£




processes, can illustrate brnad problems in the
earth sciences. The exerciscs have not been
keyed to any particular text; rather, each one
can and should address concepts as indepen-
dent units. There is no implied preferred
sequence of presentation or level of sophisti-
cation based on the order of appearance of
the activities.

Depending upon the persuasion of the
instructor, most activities can be adapted to

almost any level of instruction, theoretically ..

from elementary school to undergraduate, by
the appropriate madification of the questions
and adjustment of expectations for answers.
A list of suggested correlations of activities
with topics commonly covered in earth science
courses has been included for the convenience
of the instructor,

ACKNOWLEDGEMENTS. Many people de-
serve credit for the development of this
book. Innumerable students in short courses
and regular session classes, as well as NASA
scientist-contributors, so freely gave their
time, thoughts and valuable criticisms.
Tvpesetting and production were done
by Carol Rempfer. Sue Selkirk and Mary
Milligan provided the artwork and drafting.
Bill Knoche spent endless hours in the dark-

room preparing the figures. Lisa Halliday —

assisted the editors .while a NASA Planetary
Geology Intern. Finally, we gratefully ac-
knowledge Stephen E. Dwornik and Joseph
M. Boyce, Planetary Geology Program, NASA
Headquarters, Washington, D. C., without
whose continuing support and sponsorship
neither the short courses nor this book would
have been possible.

SPECIAL NOTE TO THE TEACHER

This publication is not a conventional
activity workbook. There are several important
points that instructa:s should bear in mind
while using it.

Each activity is printed twice, once in a
format suitable for classroom use, and again in
the same format with answers and sugges-
tions inserted in thé appropriate blanks. This
eliminates the need to refer to an answer key
listed either in a separate publication or in a

vi

compact addendum. it should also be a con-
venience for the teacher.

No copyright laws apply to this publica-
tion. Duplication or reprinting of any or all
materials are strongly encouraged.

ktis él;!; hope that this book can be a
valuable resource in teaching the physical,
Earth, and space sciences.

Planetary Geology Program
Arizona State University
Tempe, Arizona 85287
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£ .

THE LUNAR PHASES .

n. The Sun appears to rise and set over the lunar surface just as it does on Earth;butwith
difference: instead of the average twelve-hours between sunrise and sunset there are nearly
sks-in-one~lunar day! After performing the simulations on the following pages, it should T,
r to visualize how that might look on the Moon, and why that translates into phases of the '

; seen from Earth.

e activities presented in this unit deal with “bbserving the changing lighting conditionson .-

7 (Iastructor’s Note)
here are three levels of questions in the activity: those plainly numbered, those with a
sterisk, and those with a double asterisk. This is an attempt on the part of the authors to

1e difficulty of the questions. Those without an asterisk should be the least difficult, those
jouble asterisk, the most difficult.
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UNDERSTANDING THE PHASES OF THE MOON -

OBJECTIVES
1. To simulate the phases of the Moon with classreom models.
2. To demonstrate the effects of the special revolution and rotation rates of the Moon,
3. To generalize these findings to the other planets

MATERIALS
1. Floodlamp in bowl-shaped socket/reflector =
2. Sphere, ball or globe close to or larger than 20 cm (8") in diameter
3. Grease pencil or chalk to mark the sphere”
4, Pencil and papar

Far use with cptinnal adv’sﬁced sctivity*

5.

6.

7. ”Tﬁp@d :

8. Protractor, preferably with a string-and-weight plurnli:)fjlne

fraction of the face of the Moon that is |llum|nated. Df course SGIEntIStS have kngwn for hundreds
of years that the revolution of the Moon around the Earth in space causes these changes in illu-
mination, or phases of the Moon. )

The Moon, just as everything else we seé in our natdral environment, is illuminated by
light from the Sun. We see it because it reflects that light back to Earth,

Since the Moon revolves around (orbits) the Earth, it comes between, but not always in
front of, the Sun and the Earth once a month aﬁd su’mlarly moves behlnd butnot always directly

PROCEDURE AND ESTIONS - .

1. One student should sit in a chair and represent the Earth. Fasten the floodlamp to some
stable object one meter (3') zbove the floor and 2 meters {6') away, pointing toward the
chair. /t is recommended that a student not hold the lamp, because it will get very hot.
Another student, holding the sphere about one meter above the floor, will walk in a circle
counterclockwise around the chair about one meter away, stcppmg at every position marked
by a circle in the diagram.

2. Turn on the floodlamp. The student in the chair (Earth) should draw in the nme opencircles
(positions of the Moon) on the diagram how the Moon appears to be illuminated.




The Moon about 4 days old. This phase is called
the waxing-crescent. Waxing means "‘growing,”
while any phase between new and first quarter

is crescent shaped.

The Moon a little more than 10 days old. This
is known as the waxing gibbous phase. Gibbous
means any fraction of illumination between
half (first or last quarter) and full.

Q
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The Moon 7 days old. This is the first quarter
phase that occurs when exactly one-half of the
Earth-facing (nearside) hemisphere of the Moon
is illuminated. The bright haif faces the western

horizon,

The Moon 14 days old. This is the familiar fuli
Moon. The exact moment of full Moon occurs
when the Moon is precisely opposite the Sun in
the sky. Notice that thz zraters are not as dis-
tinct but the ray pattsres show up very well,
B .

through one complete cycle, cailed the synodic month, /s 29% days.



The Moon 22 days aléf. This is the last quarter

The Moon 18 days old. This is called the waning
gibbous phase. Waning means “shrinking.” Any Moon. Exactly half of the Earth-facing hemi-
sphere is lighted. The bright half faces the

eastern horizon.

The Moon 26 days old. This is also a waning
crescent occuring just before new Moon, begin-

"The Moon a little more than 24 days old.
is an example of the waning crescent phase.

ning a new cycle.

(Photos caurtesy of E. A, Whitaker, University of Arizona.)
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Study the photographs of the Moon in Fig. 1.1 and 1.2. Write the name of the phase repri
sented by each of the positions of the “Moon’" in the preceding diagram.



*9,

**10.

11.

13.

*14.

Look at the picture of the full Moon in Fig. 1.1. Why do you think some places on the fa
of the Moon are brighter than other places?

Would you expect the reflected spectrum of moonlight to match the spectrum of sunligh
Why or why not?

You can see from the photographs in Fig. 1.1 that the Moon always keeps the same fe
tures pointed toward the Earth. Mark the sphere (Moon) on its equator with a large .
The student holding the sphere should line up the X with some object in the classroor
Then he should walk around the chair {Earth) keeping the X constantiy lined up with tl

Now the student holding the Moon should walk around the chair always keeping the
pointed toward the chair (Earth).

How fast must the Moon rotate so that the same features are always seen on Earth?

Is the far side (the face we never see) ever illuminated? |f you think it is, then when ar
why? :

ERIC
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tion = period of revclution).

Fig. 1.2: A most unusual new moon. Because the orbit
of the Moan is not fevel with the Earth’s orbit around
the Sun (the Maons arbital plane is inclined 5 to the
ecliptic). the new moon does not always line up pre-
cisely between the Earth and 5Sun. But periodically
it does, casting a shadow down to the Earth’s surface.
This praduces the solar eclipze shawn here. Phato by
Richard D°Alli

ERIC

Aruitoxt provided by Eic:



SES OF THE MOCN

UNDERSTANDING THE PHA

finstructors Key)

phs of the Moon m Fig. 1.1 and 1. te the name of the phase repre-
"Moaon'' in the prec

EW
ecedin

f he positions of the ng diagram.
AL new moon B. waxing crescent C. first quarter
Full F. waning gibbous

I

D. waxing gibbous

G, last quarter H. waning crescent

How long does it take for the Moon to complete one orbit of the Earth?

4,
27 1/3 days
5. How long is it between new moon and full moon?
about 14 cays
6. How long is it between full moon and either guarter moaon?

ahbout 7 cdays

h,#"‘
s
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*7.

*10.

11.

14,

Is only one-gquarter of the surface of the Moon illuminated during the first-quarter moon?
No.

Look at the picture of the full Moon in Fig. 1.1. Why do you think some places on the face
of the Moon sre brighter than other places?

The dark patches, or lunar maria, are depressions filled with basaltic lavas which are inherently’
darker than the predaminantly anarthos:tic rocks of the cratered highlands. The marig are
also significantly smoother thar the rugged cratered highlands (topoagraphic control af reflection).

\What does the ‘quarter'’ refer to in the label first-quarter?

i through its phase cycle (or orhit).

Fa e e s medpe e EE .
Pl e F GE GhGET g O the

Would you expect the reflected spectrum of moenlight to match the spectrum of sunlight?
Why or why not?

No; although the Moon is illuminated by a continuous, white-light spectrurmn, its reflectance
spectrum is controlled by the chemical and ph vsical properties of the surface rocks.

You can see from the photographs in Fig. 1.1 that the Moon always keeps the same fea-
tures puinted toward the Earth. Mark the sphere (Moon) on its equator with a large X.
The student holding the sphere should line up the X with some object in the classroom. :
‘Then he should walk around the chair {Earth) keeping the X constantly lined up with the
distant object.. This represents an orbiting Moon that does not spin (rotate). The student
representing Earth should describe what he sees in the space below. Discuss.

The Earth should see the X appear to rotate around the Moan's axis.

Now the student holding the Moon should walk around the chair always keeping the X

pointed toward the chair (Earth).
How fast must the Moon rotate so that the same features are always seen on Earth?

It must rotate at the same angular speed with which it revolves; that /s, it must take the same
tite to complete one spin on its axis as one revolution about the Earth.

Is the far side (the face we never see) ever illuminated? |f you think it is, then when and
why?

Yes. It goes through phases also. During new moonas defined an Earth, the far side is

fully illuminated as seen from the Sun.

9 19
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TT o HropOose g reason 10r the WIoon aiways Keeping ne same jdce 1owaru sarin (Periog i rouia-

tion = period of revolution).

Orne suggestion has been a gravitational lock with Earth since (ne Moon's center of mass is offset from the

cernter of figure toward Earth.

Fig. 1.2: A mostunusual newmoon. Because the orbit
of rhe Moon is nat level with the Earth’s orhit around
the Sun (the Moon’s orbital plane is inclined 5° to the
ecliptic), the new moon does not always line up pre-
cisely between the Earth ana Sun. But periadically
it does, casting a shadow down to the Earth’s surface.
This produces the solar eclipse shown here. Photo by
Richard D AllI.

pi
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UNDERSTANDING THE PHASES OF THE MOON

{{ntermediate Activity)

PROCEDURE AND QUESTIONS

ERIC

Remove the chair. The student representing Earth should stand up. You will now simulate
the motions of Earth and Mecn day by day. Turn on the floodlamp. Place the Moon near the
lamp, but do not block the light. The student representing the Earth should stand so that the
Moon and Sun are immediateiy to his left. The Earth {student) should then begin a slow turn
on his heels (rotation) counterclockwise. /n the same time it takes for the Earth to complete
one rotation, the Moon (student) should advance about 20 em counterclockwise in a circle
still 1 meter from ths Earth. The student recresenting Earth should now describe exactly
what he sees by using the following questions as a quide.

Wk.n vou begin this activity, it is 6 am on the day of the new moon. How do you know this?

REPEAT THE INSTRUCTIONS FOR 6 MORE EARTH ROTATIONS.
in what phase is the Moon now?

What time does this phase of the Moon rise above the harizon? {Hint: You can tell thié
from the position of the Sun.)

REPEAT THE INSTRUCTIONS FOR 7 MORE EARTH ROTATIONS.
WE st time does the full moon rise?



8. Fill in the blanks in the table below:

PHASE MOONRISE MOONSET

3 New 6 am 6 pm
1st Quarter \
Full
Last Quarter
- FOR DISCUSSION AT ALL LEVELS
g. \When Galiieo first turned his telescops= toward the heavens in 1608, he wrote: The flother af

Love rivals the phases of Cynthia: that /s, Venus imitates the phases of the Moon.™ This
fundamental discovery can be restated to say that all planets nearer to the Sun than the
Earth go through phases as seen from Earth. Why? The outer planets (Mars and beyond)
never show a complete set of phases to us. Why?

+From Omer et al., Physical Science: Men and Concepts, University of Florida Press, copyright 1969,
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UNDERSTANDING THE PHASES OF THE MOON
(Intermediate Activity)

(lnstructor’s Key)

PROCEDURE AND QUESTIONS

1. Remove the chair. The student representing Earth should stand up. You will now simulate
the motions of Earth and Moon day by day. Turn on the floodlamp. Place the Mdon near the
lamp, but do not block the light. The student representing the Earth shouid stand so that the
Moon and Sun are immediately to his left. The Earth {student) should then begin a slow turn

on his heels (rotation) counterclockwise. /n1 the same time it takes for the Earth to complete
one rotation, the Moon (student) should advance about 20 cm counterclockwise in a circle

still 1 meter from the Earth. The student representing Earth should now describe exactly
what he sees by using the following questions as a guide.

Z. When you begin this activity, it is 6 am on the day of the new moon. How do you know this?
Both the Moon and Sun arz? exactly on the eastern horizon {assuming the ohserver is “laoking south”™).
3. in which direction has the Moon moved in the sky relative to the Sun?

The Moon has drifted behind ar moved eastward from the Sun.

4. REPEAT THE INSTRUCTIONS FOR 6 MORE EARTH ROTATIONS.
in what phase is the Moon now?

{t should be in first quarter, 90° eastward (behind) the Sun.

5. What time does this phase of the Moon rise above the harizon? {(Hint: You can tall this
from the position ¢f the Sun.)
Noon.
a. REPEAT THE INSTRUCTIONS FOR 7 MORE EARTH ROTATIONS.
What time does the full moon rise?
Six pm or sunset.
7. What time does the fuli moon set?

Six am of sunrise.

13
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8. Fill in the blanks in the table balow:
PHASE MOONRISE : MOONSET
New 6 am Epm .
&
1st Quarter 12 noon 12 midnight
Full & pm 6 am -
Last Quarter 12 midnight 12 noon
FOR DISCLSSION AT ALL LEVELS
9, When Galileo first turned his telescope toward the heavens in 1609, he wrote: The Mother of

Love rivais the phases of Cynrhia: that is, Venus imitates the phases of the NMoon.w This
fundamental discovery can be restated to say that all planets nearer to the Sun than the
Earth go through phases as seen from Earth. Why? The outer planets (Mars and beyond)
never show a complete set of phases to us. Why?

The inner planets periodically pass between the Sun and Earth and continue in their orbits behind the Sun. ‘
When viewed from Earth (outside their orbits), the inner planets show us their dark hemispheres when they

pass berween the Earth and Sun. They are fully illuminated when they pass behind the Sun (see diagram).
The pfanets outside Earth’s orbit will always appear nearly fully illuminated since the Sun is always "to our
back* as we look oinward.

THROUGH PHASES

o
| )
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- / UNDERSTANDING THE PHASES OF THE MOON

(Optional Activity)

PROCEDURE AND QUESTIONS RS

1. Each student should actually observe the Moon through at least two ¢ mplete cycles. The
student should go autside to a safe location with an unobstructed view.of the eastern hori-
zon at the same time (say, 9:00 pm) every night. Beginning on the night of a new moont,
the student should record the date, time, sketch the phase, and estimate the approximate
altitude in degrees above the horizon. A table similar to the one below should be kept:

ALTITUDE

TIME SKETCH OF PHASE

o e about 45° above
QOct. 28, 1979 9:05 pm western horizon

. 107 e o cloudy .
Oct. 29, 1979 8:55 pm (Moon not visible)

+You can get the date of the new moon from several sources: certain calendars, newspapers,
almanacs, local museums, or your school or aublic library.

**(Optional Advanced Activity)

1. A commion impression is that the harvest moon, the large orange-colored full moon rising
after an auturnn sunset, is quite a bit.bigger than the normal full moon. To test this notion,
a student can photograph the Moon to make an unbiased record of its size.

2. Set a 35-mm camera on a tripod on level ground facing the eastern horizon. The camera
should be loaded either with Plus-X or Panatomic-X black and white film. A long focal length
lens should be used. A 135-mm telephoto lens will suffice, although longer lenses are prefer-
able. When the harvest moon is just above the horizon, make several expJdsures at settings
close to and including the ones suggested in the table at the end of the activity. Wait about
4 hours. Aim the camera at the Moon and take several exposures as beforé now that the
Moon is high in the sky. Develop the film; prints are not necessary. Using the most accurate
scale available (a vernier caliper or finely divided metric rule), measure the size of the Moon's
image on the negative.
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"T3.

**4_

and the same full moon later in the same night?
Explain your results,

Can vyou detect a noticeable difference in image size between the harvest moon at moonrise

Plus-X

ASA SPEED

B, What could cauze the impression of 5 larger-than-normal harvest moon?
6. Suggested camera settings for photographing the
FILM

ull moon:

125

APERTURE
Panatomic-X

32

]



UNDERSTANDING THE PHASES OF THE MOON
{Optianal Activity)

{Instructor’s Keyi

"t 3 Can you detect a noticeable difference in image size between the harvest moon at Moonrise
and the same full moon later in the same night?

There should e ne derectable difference in'size.

T4 Exp!

i coour rasuly

w

L

The effect is an tHusion.

T B, What could cause the impression of a iarger-than-normal harvest moon?

When the Moon is low on the horizon, its size can be compared with normal objects (trees, buildings, eic.

=}
and appears guite large. VWhen high in the Sky, Iere are no ciose reference oljecls. it s then difficult o
judge its size or compare it to the apparent size near the horizen. .
6. Suggested camera settings for photographing the full moon:
FiLM ASA SPEED APERTURE SHUTTER SPEED .

Plus X 125 f/1€

el
sy
.,
o
]
¥

Panatomic-X . 32 f/ 5.

[
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—
..
——
P
4]

O

ERIC

Aruitoxt provided by Eic:






Q

ERIC

Aruitoxt provided by Eic:

UNIT TWO

ACTIVITIES IN PLANETARY CRATERING

The following activities demonstrate the fundamental principles of impact crater formation.
They are only simulations. i rue impact or volcanic craters are formed under conditions that exceed
by far your ability to duplicate in the classroom. The physical variables do not scale upward in a
simple way to compare with actual crater formation. However, the appearance of the crater models
farmed in these a«:tivitiés c:lcs'eiy a’pﬁroximates that Whi(:h is observed on planetary surfac:es Thé

craters ar’id the evclutlan Qf p&ane;ary surfacesi

In the impact cratering experiments the student will study the craters created when objects
of different masses and travelling with different velocities strike a target of fine sand. There are sev-
eral important concepts to be learned:

1.  There is a relationship between the velocity and mass of the "meteorite" and the size of
the crater.

2.  Craters can be divided into distinct zones: floor, wall, rim, ejecta materials and rays.

3. The relative age of surface features can be estimated using craters.

The activity on comparing cratering processes is a natural extension of the impact experi-
ments. Because the majority of craters found on planets are produced by impacts, it is logical to
perform that activity first.

On Earth explosion craters are formed by large-scale events such as nuclear explosions. With
the exception of subtle differences in the ejecta patterns, explosion craters are to some degree
analogs for impact craters. Craters can also be formed during volcanic eruptions. These craters are
typu:ally seen either on volcanic summits or on the flanks of volcanic cones. Volcanic craters have
also been identified on the Moon, Mars, and most recently as active volcanoes on lo, one of the
satellites of Jupiter. An excellent activity to follow these laboratories is the showing of tha film
"Controversy over the Moon.'' See HOW TO ORDER NASA MOTION PICTURES in the appendix.

Fig. 2.1: The best preserved meteorite crater in North
America is the Barringer Crater at the Meteor Crater
Registered National Landmark, Winslow, Arizona. It
was created between 20,000 and 30,000 years sgo by
a nickel-iron meteorite weighing about 150,000 metric
tons. Thecrater is 1.2 kilorneters in diameter and 120
meters deep, but the meteorite was probably only
about 30 meters in diameter, or roughly abaut the
size of the building on the edge of the crater. The rea-
son such a relatively small meteorite created such a
large t:rater s bet:ause the metearite was m::w‘ng at

k/netlt; energy. All that k‘métn: energy I'E/EESE(J' ina
matter of seconds during impact can excavate quite a
lsrge hole in the ground. (Because of the low speeds
and masses used in this activity, the craters you create
will be only slightly—2 to 4 times—larger than the
projectile (“meteorite”) used.)
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IMPACT CRATERING

OBJECTIVES
1. To model impact eraters in the laboratory.

2. To recognize the conditions that contral their size and appearance.
3. To understand their influence on the geology of a planet.

MATERIALS
1. A tray or very strong box at least 2 feeton a side and about 4 inches deep
A large supply of extremely fine sand, B0-100 um if possible
Eour identical marbles or small ball bearings
One steel ball bearing about % inch in diameter
Three solid spheres about 1 inch in diameter, all the same size but made of different materials (example:

m

glass, plastic, steel; or glass, wood, aluminum; etc.)
6. Meter stick
7. 10 cm ruter
8. Kitchen tea strainer
9. Twao dark colors of dry tempra paint (powder}: e.g. red and Diue
10. Toyslingshot
11. Safety glasses or goggles

13. Laboratory balance to weigh projectiles
14, Watering or sprinkling ¢an or plant mister

/mpact craters are those craters formed when meteorites strike the surface of a planet. They
are found on all of the terrestrial planets, on Earth's Moon, and on many of the satellites of the
outer planets. Impact craters are not easily recognized on Earth because of the intense weathering
and erosion that wears away its surface. On the Moon over 80 percent of the surface looks much
the same as it did over 3 1/2 billion years ago, heavily cratered and very rugged. About half of the
surface of Mars is also ancient, but preserved cratered terrain. Although only 40 percent of Mercury
has been photographed by spacecraft, over two-thirds of its su rface is heavily cratered.

Various geological clues and studies of the lunar rocks returned by the Apollo missions indi-
cate that about 3.9 billion years ago asteriod-size chunks of matter were abundant in the solar
system. This was a time of intense bombardment of the young planets, affecting Earth by breaking
up and modifying parts of its'crust. Mountain building, plate tectonics, weathering and erosion have
largely removed all traces of the Earth's early cratering period. But the near absence of weathering
on the Moon has allowed the evidence of this ancient period (considered to be the last stage of
planetary accretion) to be preserved.

The Mariner 9 and Viking spacecraft pictures demonstrate the importance of both impact
craters and wind erosion on the surface of Mars. In this activity you will begin your study of craters
created by projectiles (meteorites) of different masses, moving at different speeds and striking
a target {planet surface) of sand.

20 3()
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PART A: THE FORMATION OF CRATERS

The following experiments deal with the relationships among projectile mass, velocity and
crater size. lmpacts involve the transfer of energy from the projectile to the target (ground).
Kinetic energy (energy of motion) is defined as: K.E. = 1/2 mvzi where m = mass and v = final
velocity. .

PROCEDURE AND QUESTIONS

1. The Importance of Mass. Pour sand into the tray to a depth of at least 3 inches. Smooth the
surface of the sand with thes edge of the meter stick. Divide the surface into two equal areas.
Weigh each projectile and record the mass in the table. From a height of 2 meters (6") drop
each of the large spheres (three different types) into one area. Carefully measure and record
the diameter of the craters formed by the impacts without disturbing the sand. Fill in the
table below:

OBJECT TYPE OF OBJEZT MASS OF OBJECT CRATER DIAMETER
Sphere #1 gm cm
Sphere #2 gm : cm
Sphere #3 ; gm : cm
2. Look at your results carefully. Which sphere created the largest crater?
3 What is the an/y difference in the way each crater was made?
4, Each sphere represents a meteorite. What can you say about the importance of the mass of a

metearite in making a crater?

5 Did any sphere appear to fall faster than the others? Did it really? Why or why not?
e 21
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The Importance of Velocity. Locate the four identical marbles. Weigh each marble and
record its mass below. Drop one marble into the second area from a height of 10 cm and
another from 2 meters. The third projectile should be launched from the slingshot extended
23 cm (9"), the fourth, from the slingshot extended 36 cm {14""). Without disturbing the

CAUTION: THE SLINGSHOT S A POTENTIALLY HAZARDOUS DEVICE. USE EXTREME

0

10.

*11.

CAUTION WHEN IT IS EMPLOYED IN THIS ACTIVITY. UNDER NO CIRCUMSTANCES
SHOULD IT BE AIMED HORIZONTALLY.

Complete the following table:

VELOCITY MASS CRATER DIAMETER
Marble 1 140 cm/sec gm cm
Marble 2 626 cm/sec gm cm
Marble 3 1000 cm/sect am cm
Marble 4 3000 cm/sect gm cm

+approximate
Did you measure any difference in the diameters of the craters?

What is the onfy difference in the way each crater was made?

In this case each marble (meteorite) had the same mass. What did dropping two marbles from
different heights and propelling the other two accomplish?

Why?



12, Calculate the kinetic energy Tupon impact for each marble in Question 6.

KE
Marble 1 e ergs
Marble 2 S - f ¢ £
Marble 3 s
Marble 4 SRR - 1 * -

*13. Examme the results in Part A. Summarize your conclusions regarding the size, mass, and
velocity of impacting projectiles, and its k/netic energy (indicated by the size of the resulting
c:rater)

PART B: THE STRUCTURE OF A CRATER i
1. Remove all projectiles from the sand and smooth the surface well. Again divide the tray into

two areas. With your instructor's help sprinkle a very fine layer of dry tempra color over the
sand using the tea strainer. The layer of colored powder should cover the surface just enough
to conceal the white sand.

CAUTION: WEAR THE GOGGLES AND BE SURE THAT NO GLASS OR BREAKABLE MATE-
RIALS ARE IN THE VICINITY OF THEACTIVITY.

2. Use the slingshot to shoot the 1/2" steel sphere vertically into the sand. DO NOT DISTURB
THE CRATER |N THE FOLLOWING STEPS.

3. Draw two pictures, one in each box on the next page, of the crater, one looking down from
above (map view) and one as seen from ground level (elevation or side view).

v If mass is measured in grams and velocity in cm/sec, then kinetic energy is given in ergs, or gm X
emZ/sec®. For comparison the energy equivalent of one calorie of heat is 4.2 X 107 ergs.

23
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_— B — _ _ _
Map View Side View
This is an ideal example of a small fresh crater.
4. Label the drawings with the words rim, ejecta and. impact crater. Notice the sharp details of
the crater.
5. Where do you find the thickest ejecta?
5] What do you think caused the crater rim to form?
*7. The colored powder represents the most recent sediment deposited on a planet's surface. Any

material beneath the top layer must have been deposited at an earlier time (making it physi-
cally older). |f you were examining a crater on the Moon, where would you probably find the
oldest material? Why do you think so?

PART C: CRATERING AS GEOLOGIC PROCESS
1, ‘n the second area create another crater as in Part B. Locate the large pack of assorted marbles.

Drop each marble in the pack from an arbitrary height into the second area so that each one
impacts at a different speed. Be careful to drop the marbles near but not directly on top of
the crater formed by the slighshot method. Watch the process very carefully as you do it.

w 24
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2. How does the appearance of the original crater from Part B change as you continue to bom-
bard the area?
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8. What everyday events have you observed that are similar to those which form a cratered terrain
as in the photo?

*9, From all that you have seen, what does the appearance of a crater tell you about its age?
Explain.

1. The target (surface) into which a projectile {meteorite) impacts also helps to control thg final
crater's form. The angle of incidence is also important. You will now investigate both of these
variables.

It is important to control all other variables. Be sure to use identical projectiles irn each Df the faqr
parts. [t is suggested thatyou use asimple device (e.qg., a piece of string) to ensure that the slingshot is

Q
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Fig. 2.2: Portion of Apollo 15 metric photograph AS15 1023. Mapping camera photograph of the Moon.
The central crater is Levi Civita A. North is to the top.

Fig. 2.3: Portion of Apollo 11 Hasselblad 70 mm photograph AS11-42-6233. Messier (right] and
Messier A (left) craters on the Moon. North is to the top.
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stretched the same distance each time (controlling the velocity). For best results the projectiie
must impact at high velocity; therefere, the slingshot should be greatly extendad. THISACTIVITY

IS POTENTIALLY THE MOST HAZARDOUS.

2. Mix the sand in the tray thoroughly, adding more sand if necessary, to return the sand to a
uniform color. Remove all projectiles. Smooth the top agsin with the mater stick. Divide the
tray into four equal areas. Again sift a layer of tempra color over the entire tray.

In one quarter-section produce a crater using the slingshot to launch a marble fired normal
{at 90°, or vertical) to the target surface. On the page provided sketch a plan (map) view and

3

cross section of the crater. Be sure to sketch the pattern of the g/ecra. Where d’1 it come from?

L

What would vou expect to find beneath the gjecta?

4. In the second quarter-section, produce a crater with a marble launched at about 65° to the

surface (estimate the angle). Sketch the crater in the appropriate place. Is there a marked
difference between the two craters or ejecta pattern?

5. In the third quarter-section, produce a crater with a marble launched at about 40° to the
surface. Be sure no one is "down range” in case the projectile richochets. Sketch the crater.

G. In the fourth quarter-section, produce a crater with a marble launched at about 5-10° to the
surface. Be sure no one is "down range"” in case the projectile richochets. Sketch the crater.
Note the asymmetric cross section.

Examine the sand craters and your sketches. What are the relationships between impact angle,
crater morphology (shape, form} and ejecta distribution?

!

Examine the Apollo 11 photograph (Fig. 2.3) of the lunar crater Messier (right) and Messier A
(left). North is to the top in the photo. Messier is more than 2 km deep, 14 km along its
east-west axis, and 8 km wide. What interpretations can you make concerning its farmation?
Did the projectile enter from the east or west? Comment on the ejecta distribution.

[wa]
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DIAGRAM FOR PART D, STEP53 & 4

90" 1o surface

657w surface

I} AL e ~ AN~
(&) £LF Ll u LU L
draw plan view above, scale= 111 1) draw plan view above, scale = -1 J

| I I A N S A

cross section 4x vertical exaggeration
*parallel to flight direction (long axis)
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draw plan view above, scale= L L 1]

DIAGRAN FOR PART D STEPS S
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draw pian view above, scale
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ross section through lang axis, vertical exaggeration x4
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TE. THE EFFECT OF TARGET STR

(ral
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Again thoroughly mix the sand in the tray and level the surface, Sprinkle and soak the sand
with water; drain off any excess water. With the sieve sprinkle one color of the dry tempra
paint evenly over the surface and let it soak completely. Shoot a marble from the slingshot
into the wet sand and measure the diameter of the crater. Record observations in the space
below. :

Even out the wet, colored sand by striking or jarring the box several times. Next, sprinkle
through the sieve clean, dry, white sand on top of the wet colared sand until a few mm layer
of dry sand is tnrmed. With the slingshot, fire a small marble vertically into the sand in one

Sketch the profile of your crater and describe the appearance.

Pour more sand into one large corner of the tray to increase the dry sand layer to double its
thickness. Form another crater with the slingshot in this thicker layer. How does this differ
from the crater formed in the thinner layer of sand? '

What effect does the thickness of the dry sand iayer have on both the appearance of the crater
and crater diameter?
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Carefully smooth the dry sand to uniform layer over the entire tray. Sprinkle the second
color tempra paint evenly through the seive on top of this layer. Draw a cross section that
shows the sequence of layers from top to bottom, Fire a marble with the slings'hét into the
tray and describe the resulting pattern of material thrown out of the crater (impact ejecta).
Where is the ejecta the thickest? Describe the ejecta pattern by color.

: -ross section showing the sequence of layers from top to bottom: near the Fim;
one crater diameter from the rim; and four crater diameters from the rim.

[
-
.
<
at)
3
o
o=

Which layer goes the farthest?

If you were on Mercury and wanted to examine the oldest rocks around a crater, where

would you most likely find them?

The gravitational acceleration at the surface of a planet also helps to control the final crater's

form. How would craters on the Moon differ from those formed on Earth due only to gravity
(nealecting all other effects)?

What other environmental factors control the crater's initial form after impact? Describe how
these effects would be realized. ‘

9
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IMPACT CRATERING

{Instructor’s Key)

PART A: THE FORMATION OF CRATERS

The following experiments deal with the relationships among projectile mass, velocity and
crater size. Impacts involve the transfer of energy from the projectile to the target {ground).
Kinetic energy (energy of motion) is defined as: K.E. = 1/2 mvZ, where m = mass and v = final

velocity.
PROCEDURE AND QUESTIONS

1. The Importance of Mass. Pour sand into the tray to a depth of at least 3 inches. Smooth the
surface of the sand with the edge of the meter stick. Divide the surface into two equal areas.
Weigh each projectile and record the mass in the table. From a height of 2 meters {6") drop
each of the large spheres (three different types) into one area. Carefully measure and record
the diameter of the craters formed by the impacts without disturbing the sand. Fill in the
table below:

OBJECT TYPE OF OBJECT MASS OF OBJECT CRATER DIAMETER

Sphere #1 Type A lightest gm smallest em
Sphere #2 Type B medium gm medium cm
Sphere #3 Type C heaviest gm largest cm

The nurnbers will depend on the material used in the experiment, but the trend should be clear: as mass

/ncreases, s0 does crater diameter.
2. Look at your results carefully. Which sphere created the largest crater?

The most massive.

3. \Vhat is the on/y difference in the way each crater was made?
The mass was varied.

4. Each sphere represents a meteorite. What can you say about the importance of the mass of a
meteorite in making a crater?
Crarer diameter increases with increasing mass.

5 Did any sphere appear to fall faster than the others? Did it really? Why or why not?

All spheres reached the sand in the same amount of time, regardless of mass. Galileo was reported to have

shown this about 400 years ago.

44 32
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The Importance of Velocity. Locate the
record its :1ass below. Drop one marble in
another from 2 meters. The third projectile

four identical marbles. Weigh each marble and
to the second area from a height of 10 cm and
should be launched from the slingshot extended

23 em (9'"): the fourth, from the slingshot extended 36 cm {14""). Without disturbing the

sand, carefuily measure the crater diameter.

CAUTION: THE SLINGSHOT IS A POTENTIALLY HAZARDOUS DEVICE. USE EXTREME
CAUTION WHEN IT IS EMPLOYED IN THIS ACTIVITY. UNDER NO CIRCUMSTANCES

10.

*11.

O
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SHOULD IT BE AIMED HORIZONTALLY.

Complete the {oliowing table:

VELOCITY
Marble 1 140 em/sec
Marble 2 626 cm/sec
Marble 3 1000 em/sec™
Marble 4 3000 cm/sec’

+approximate
Did you measure any difference in the diame

Yes, as velocity increases, so does crater diameater.

MASS CRATER D!'AMETER
x gm small cm

x gm medium cm

A grri lzrge o

x gm very large cm

ters of the craters?

What is the only difference in the way each crater was made?

Velacity.

In this case each marble (meteorite) had the same mass. What did dropping two marbles from
different heights and propelling the other two accomplish?

This varies the velocity at impact.

Besides diameter do you notice any other difference in appearance among the craters?

No, all look qualitatively similar.

#

Which do you think is more important in creating Iargé;: craters, more mass or more velocity?

Why?

Velocity increases have more effect on crater diam
tion to the energy of impact.

a3

eter than mass increases. Velocity has a greater contribu-

3
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*12.

Calculate tha kinetic energy Tupan i—ipact for each marble in Question 6.

KE
Marble 1 ()X ( mo gm) X (140 cm/sec)? ergs
Marble 2 (73 X ngng X (626 t:m/s’&:)g ergs
Marnle 3 (=) X {msgm) X (1000 cm fsec)? ergs
Marble 4 (51X (  my  gm) X (3000 cm fsec)? ergs

Examine the results in Part A. Summarize your conclusions regarding the size, mass, and
velocity of impacting projectiles, and its k/netic ensrgy (indicated by the size of the resulting
crater).

The greater the energy released an impact, the larger the crater. Mass and veldcity contribute to energy, not

size. Velocity centributes as the square, mass linearly.

PART B: THE STRUCTURE OF A CRATER

Remove all projectiles from the sand and smooth the surface well. Again divide the tray into
two areas. With your instructor's help sprinkle a very fine layer of dry tempra color over the
sand using the tea strainer. The layer of colored powder should cover the surface just enough
to conceal the white sand. '

CAUTION: WEAR THE GOGGLES AND BE SURE THAT NO GLASS OR BREAKABLE MATE-

RIALS ARE IN THE VICINITY OF THE ACTIVITY.
Use the slingshot to shoot the 1/2" steel sphere vertically into the sand. DO NOT DISTURB
THE CRATER IN THE FOLLOWING STEPS.

Draw two pictures, one in each box on the naxt page, of the crater, one looking down from
above (map view) and one as seen fram ground level (elevation or side view).

“¥1f mass is measured in grams and velocity in em/sec, then kinetic energy is given_in ergs, or gm X

crﬁzfsegz. For comparison the energy equivalent of one calorie of heat is 4.2 X 107 ergs.

b 34
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Man View
This s an icleal examte of a small fresh crater.

Label the dravangs v the cords rom, 2jecta anag umpact crater. NOtICe (he sia detal

the arater,
5

\Where do vou find the thickest gjecta

O the rom
What do you think caused the crater i 1o form?

Depis§itent of sanci throvers out of cgury faremed iy angnn !

The colared powder represents the most recent sediment deposited on a planet’s surface. Any
material beneath the top layer must have been deposited at an earlier time (making it physi
caliy alder). tf you were examining a crater on the Moon, where would you probably find the
aldest material? Why do you think so?

1

Near the i, Because the deepest material ejected iands clasest to the crater. re., onthe rm,

PART C- CRATERING AS GEOLOGIC PROCESS

In the second area create another crater as in Part B. Locate the large pack of assorted marbles.
Drop each marble in the pack from an arbitrary height into the second area so that each one
ipacts at a different speed. Be careful to drop the marhles near but not directly on top of
the erater formed by the slighshot method. Watch the process very carefully as you do if.
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2. How does the appearance of the original crater from Part B change as you continue to bom- e
bard the area?

It lases its crispress.

3. What do you think is an important source of erosion on the Moon? Look very carefully at
Fig. 2.2.
Impact cratering.

4, Do all the eraters have the same fresh, sharp, new appearance? Describe the various appear-
ances.
No-—smaoth rims to sharp rims, bow/-shaped to elliptical, etc.

5. What do you think has happened in this area?
Long rerm bombardment.

8. How large is the central crater in the photo? The width of Fig. 2.2 is approximately 150 km
(1" =25 km).

About 40 km. ‘
7. Are all craters bow!-shaped? Describe.
No—there is a variety of shapes.

8. What everyday events have you observed that are similar to those which form a cratered terrain
as in the photo?

Raindrops on dirt or sand, etc.

*9. From all that you have seen, what does the appearance of a crater tell you about its age?
Explain.

The younger the crater, the crisper the features: the older, the mare subdued.

PART D: THE EFFECT OF INCIDENCE ANGLE

1. The target (surfaze) info which a projectile (meteorite) impacts also helps to control the final
crater's form. The angle of incidence is also important. You will now investigate both of these
variables. '
It is important to control all other variables. Be sure to use identical projectiles in each of the four ‘

parts. It is suggested that you use a simple device (e.qg., a piece of string) to ensure that the slingshot is

3
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stretched the same distance each time (controlling the velocity). For best results the projectile
must impact at high velocity; therefore, the slingshot should be greatly extended. THISACTIVITY
IS POTENTIALLY THE MOST HAZARDOUS.

Mix the sand in the tray thoroughly, adding more sand if necessary, 1o return the sand to a
uniform color. Remove all projectiles. Smooth the top again with the meter stick. Divide the
tray into tour equal areas. Acain sift a layer of tempra color over the entire tray.

in one quarter-section produce a crater using the slingshot to launch a marble fired normal
(at 90°, or vertical) to the target surface. On the page provided sketch a plan (map) view and
Cross secnan of the crater. Be sure to sketch the pattern of the ejecta. Where did it come from?

Ejecta comes from sand below the rempra fayer that was excavated by impact.

Vihat would you expect to find beneath the ejecta?

tndisturbed sand.

In the second quarter-section, produce a crater with a marble launched at about 65° to the
surface (estimate the angle). Sketch the crater in the appropriate place. Is there a marked
difference between the two craters or ejecta pattern?

The craters and ejecta pattern should appear similar.

In the third quarter-section, produce a crater with a marble launched at about 40° to the
surface. Be sure no one is "down range" in case the projectile richochets. Sketch the crater.

In the fourth quarter-section, produce a crater with a marble launched at about 5-10° to the
surface. Be sure no one is "down range" in case the projectile richochets. Sketch the crater.
Note the asymmetric cross section.

Examine the sand craters and your sketches. What are the relationships between impact angle,
crater morphology (shape, form) and ejecta distribution?

High impaet angles produce more nearly bowl-shaped craters with symmaetric gfecta patterns; shallow impact
angles produced elongated or elliptical craters and asymmetric or “butterfly wing " ejecta.

7
Examine the Apollo 11 photograph (Fig. 2.3) of the lupar crater Messier (right) and Messier A
(left). North is to the top in the photo. Messier is more than 2 km deep, 14 km along its
east-west axis, and 8 km wide. What interpretations can you make concerning its formation?
Did the projectile enter from the east or west? Comment on the ejecta distribution.

It is likely that Messier was created by a shallow angle impact. The projectile entered from the right side of the
picture (from the east). Most ejecta was distributed forward or down range and as north and south “wings™.
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Auaain thoroughly mix the sand o f s frfiy and lzvel the surfa

f : . With the sieve sprinkle one coler of thiz dry tempra
paint evenly over the : it soak completely. Shoot a8 marble from the slingshot
into the wet sand and measure Lh cilameter of the crater. Record observations in the space

ace. Sprinkle and soak the sand
|

wiath water. drain off

balowv:.
Sl srvarnle-sizacd cearer with clumipy epecta,

Even out the wet, colored sand by striking or jarring the box several times. Next, sprinkle
through the sieve clean, dry, white sand on top of the wet colored sand until a few mm layer
of dry sand is formed. With the slingshot, fire a small marble vertically into the sand in aone
. sulting crater compare in diameter to the crater formed in

half of the tray. How does th
wet sand only?

Larger crafer 1 (v er 5aid.
Im dry sand only?
Seavafler thasy ey ciry Girned

Sketch the profile of your crater and describe the appearance.

Angswers will vary, but floor shauld appear flat.

Pour mare sand into one large corner of the tray to increase the dry sand layer to double its

thickness. Form another crater with the siingshot in this thicker layer. How does this differ gi’é

from the crater formed in the thinner layer of sand?
Larger crater, smaller floor,

How do thase craters compare to the crater formed completely in dry sand?

s Bmialler nversf!, bur flarrer floor,

What effect does the thickness of the dry sand layer have on hoth the appearance of thecrater
and crater diameter?

The thicker the averlying cdry layer. the closer the crater approaches the clry sand craters,

[

o
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Carefully smooth the dry sand to uniform layer over the entire tray. Sprinkle the secon
color tempra paint evenly through the seive on iop of this layer. Draw a cross section that
shows the sequence of layers from top to bottom. Fire a marble with the slingshot into the

tray and describe the resulting patiern of material thrown out of the crater (impacte J,x::,a).

Where is the ejecta the thickest? Describe the ejecta pattern by color.

to the rim, the shallowest color is farthest from the rim. Ejecta is thickest near

The cleepest calor is cliasest

the rim

Draw a new cross section showing the sequence of layers from top to bottom: near the rim;
o '

from thé rirm; and four crater diameters from the rim.

wet colored sand - '? irn:lsar:t
dry color-———————e—m——— — : crater

drv white gand-
wet color === et e ——

—

one crater diamete

dry white sand !
ez g — R S WE—
4 crater diams 7 1 crater diam. rim

Which iayer goes the farthest?

The topumast Livver,

1F vay were an Mareyry and wanted ta examine the oldest rocks around a crater, where

would you most likely find them?
Near the rins,

The gravitational ac EEIE ation at the surface of a planet a'so heips to control the final crater's
form. How would craters on the Moon differ from those formed on Earth due only to gravity

(neglecting all other effe E,S)
Leower pruriles, larger surface area of gjects.

How would gravity modily craters with agz

Higher gravity decreases degradation by imultinle impacts, but increases degradation by slumping.

What other environmental factors control the crater's initial form after impact? Describe how
these effects would be realized.

Atmospheric effects, entrapped Fluids ar volatiles in the targer. etc.
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COMPARING CRATERING PROCESSES

OB.IECTIVES
1. By using lab materials, the formation of craters through impact , eruptive, and explosive processes will

be simulated.
2. The effects of different cratering processes on landscape development will be compared.
3. Through the use of photographs and direct observation, the origins of specific craters can be deter-

mined.
MATERIALS
1. Tray of very fine sand (100 um) 10. Thin skin balloons
2: Protective godgles 11. Protractor
3. Marbles and slingshot 12. Tracing paper
4. Polaroid camera with cable release 13. Curtain/plastic sheet
5. 3 packs of Polaroid black and white film
6. Black cardhoard or posterboard {18"x307)
7. High intensity strobe light variable to at least
15 fiashes per second
8. 3 foot plastic tube
9. Bicycle pump

PROCEDURE AND QUESTIONS

PART A'; EMPACT CRATER PROCESS

1.

Focus the camera on the tray of sand from a distance of 2 t0 3 feet. To get good photos,
the film must be exposed long enough to catch 2 flashes from the strobe light {(about 1/8
second). Start the exposure just before the marble is fired and stop it right after it appears

to hit the sand.

CAUTION: ALL STUDENTS MUST WEAR THE SAFETY GOGGLES DURING THIS POR—

TION OF THE EXERCISE. THIS IS ESPECIALLY IMPORTANT HERE BECAUSE THE

FLASHING STROBE LIGHT OFTEN CAUSES ERROR IN AIM.

Step 1 may have to be repeated several times to get a good photograph. Save ail photographs.

2.

a. Before looking at the photograph, describe how you think the sand thrown from the
impact (called “ejecta’’) will look.

b. Sketch the crater and the path the material appears to take based on the photograph
and observations.
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c. +iow does the crater formed differ. from the predictions?

d. Take at least three more photographs. Arrange them in a time sequence beginning with
an exposure the instant before impact and ending with one after the impact. How does
the ejecta pattern change. T

o

IMPACTS AT AN ANGLE: Repair and smooth the sand surface and photograph another
impact with the angle of impact at 45° from the horizontal. Be sure that no one is down
range and that you fire in the direction of the hanging curtain. How are the ejecta paths
different from the vertical impact? ;

PART B: EXPLOSIVE CRATER PROCESS -

1.

Attach the plastic tube to the bicycie pump. Check for air leaks. Next, pull the balloon
tightly over the other end of the tube and slip on the clamp. This means that you are using
only a small portion of the balloon and that the thin skin of the balloon will burst easily
when the pump is used. :

Bury the tube in the sand but turn up the end in the center of the box so that it is almost |
vertical and about 3/4"' below the surface of the sand. )

As in the impact experiment, start the Polaroid picture exposure immediately BEFORE the
quick single push of the bicycle pump and stop the exposure immediately afterwards (1/8
second). |f the balloon did not burst, check for air leaks or tighten the clamp on the bal-
loon.

a. Before looking at the photo, again predict what you think you will see.




. How does your prediction compare with the photo? Sketch the crater and gjecta pat
tern.

c. How does the resulting crater {which = 2 “jow-energy’’ explosion crater) compare with
the imoact crater?

d. Compare the photos with those from other groups who have done the experiment.

in the sand. Smooth the

‘El

;f)fé“:\i‘pu; experiment, leave the tube buried
r the end of the tube.

-

2. For the final photograph, start the exposure immediately BEFORE pushing the pump {do
35 hard as for the balloon). Now what do you predict for the pattern of ejecta?

sketch the pattern that you observed.

L
]

4. What geologic process might produce a similar pattern?

1‘5‘3 o -
O
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Fiace the photographs you have taken side by side. Compare the craters ar

!
I

f.

Tk

How are they different?

Which have raised rims?

Which crater formed the widest ejecta pattern?

How do the ejects patterns compare 1o one another?

Which process had the biggest effect on the surrounding material?

Examine Fig. 2.4 and Fig. 2.5.

L

ey

(%]

Which feature is probably volcani
Which feature is probably impact?

Wihat evidence did you use to reach your conclusion?

features formed

If you were looking for a crater produced by an explosion, what special features would
you look for that would distinguish it from craters formed by volcanic eruptions and

impacts?

o
W
o
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COMPARING CRATERING PROCESSES

(Instructar’s Notes)

PRE-LAB

LAB

o

OST-LA

15 minutes. Ga over techniques of using the Polaroid camera

Two ciass periods

o]

1. Discuss results of photos or observations.
2. View the film "Centroversy Qver the Maoon,”

NOTES FOR SET-UP FOR LAB

[ha]

Because of the sand thrown out by impact and the use of the slingshot, goggles are necessary for each
student. The slingshot is important because a high velocity projectile is needed to produce a good ejecta

blanket.
Prepare the Isb set-up before class in order to avoid lass of time in beginning the exercise.

A Polaroid camera was selected for this exercise to allow students an opportunity to have an instant and
permanent record of the exercise, Action is stopped by use of the strobe and students can reshoot if neces-
sary. If desired, a 35 mm camera or Instamatic with a 2’ focus can be used: however, this will delay exami-
nation of photographs and errars in procedure will not be detected until the film results are viewed. The
school newspaper or yearbook photographers may be able to assist you in developing the film,

Instructions for setting up the lab:
a. Fill the tray to the brim with 100 um sand and arrange the strobe and camera as shown on page 47,

b. If the Polaroid has an electric eye, set the film speed setting to 75 (even though the film speed is 3000)
and the exposure control on front of the camera to “Darker.” This permits a longer exposure time for
the shutter and a smaller f/stop (lens opening). If the Polarcid does not have an electric eye, but has
numbered settings, set the number to 6" and flip the exposure from *'I’' to "'B* before each picture.
If the resulting photographs are too light, increase this number accordingly.

c. Focus the camera on the target surface and place the black posterboard in frant of and beneath the
strobe light as shown. This arrangement provides a black background. The flash rate-on the strobe
should seern like rapid blinks. Too many flashes during the exposure produces a dispersed cloud;
too few, and the event may be missed entirely. .

d. |In using the camera, it is best if you have a cable release attached to the Polaroid — this will help elimi-
nate jarring the camera unnecessarily, |f the camera does not acecept a cable release, be sure that the
camera is on a firm surface; push the button and release carefully.

Be sure the student photegraphers know how to operate a Polaroid before starting the activity.

THOUGH THE INSTRUCTIONS AND PRECAUTIONS MAY SEEM INVOLVED, THE EXERCISE
CAN BE DONE EASILY AND SUCCESSFULLY,

oW
o)

[



Strobe

Plexiglass |

* poster
board

Diagram showing set-up for photographing cratering experiments.

Balloon fragment tightly
Fine sand ciamped to end of hose
= 1| Bicycle
air
pump

Diagram showing set-up for "explosive’’ cratering experiments.
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Strobe-light Polariod photographs of impacts into fine sand at different angles of incidence.
Photograph records two flashes of the strobe light in each illustration. The innermost cone repre-
sents material (ejecta) thrown from the crater as the crater forms. The ejecta leave the surface
primarily at a 45° angle for a vertical impact {upper left, as looking from right side). The ghost-
like second image indicates a later stage in crater formation and illustrates the sheet of ejecta
that moves outward. As the angle of impact departs from the vertical, the ejecta cone or plume
hecomes asymmetric. For the relatively low velocities represented here {20 m/s), asymmetry is
not apparent unti! the impact angle {(angle from the vertical) is greater than 209, At 209 (upper
right), the sequence of ejecta remains relatively symmetric. At 60° (lower left) and 75° (lower
right) from the vertical, the ejecta cone is distorted in the downrange direction. For impacts of
much greater velocities (2 km/s), the asymmetry does not occur until much larger departures
(80°) from the vertical.

Note in the impacts in the upper right and lower left that the ejecta paths remain in a sheet
that forms an inverted cone. The sheet moves outward fram the point of impact, and the base of
the cone shest enlarges. This arrangement indicates that the ejecta strike the surface in a narrow

annulus that increases in diameter (not necessarily width) with time.

£
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Comnarison of the formation of impact craters (left side), low-energy explosion craters
top two photos on right side), and simulated volcanic craters (bottom right), as recorded in
. sand box with strobe light. The formation of an impact crater is a relatively well ordered event
n which the ejecta leave the surface at approximately a 45° angle from the horizontal (upper
eft). As the crater enlarges (middle left), the inverted cone sheet of ejecta, called the ejecta
slume, enlarges. Ejecta arrive first in an annulus close to the crater. As crater formation continues
bottom left), the ejecta strike the surface at increasing distances. Note that in all three photo-
raphs, two stages in crater formation have been recorded: the earliest stage is represented by
he inner ejecta plume (revealed most clearly in the upper ieft); the second stage, by the broad-
rased ejecta plume,

In contrast to the impact process, an exploding balloon buried beneath the sand produces a
elatively chaotic and dispersed ejecta pattern (upper and middle right). Ejecta blown through a
ube are directed vertically and return to the surface near the crater. The former example is
nalogous to an explosion crater, whereas the latter approximates a volcanic eruption. All three
roups of experiments produce craters with raised rims but the mechanies of formation varies
ignificantly. This realization is important for understanding the appearance of craters on other
lanets and the effect of their formation on the surrounding terrain.

4 61
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COMPARING CRATERING PROCESSES

{Instructor’s Kev)

PROCEDURE AND QUESTIONS
PART A: IMPACT CRATER PROCESS

1. Focus the camera on the tray of sand from a distance of 2 to 3 feet. To get good photos,
the film must be exposed long enough to catch 2 flashes from the strobe light (about 1/8
second). Start the exposure just before the marble is fired and stop it right after it appears
to hit the sand.

CAUTION: ALL STUDENTS Ml;!ST WEAR THE SAFETY GOGGLES DURING THIS POR—
TION OF THE EXERCISE. THIS IS ESPECIALLY IMPORTANT HERE BECAUSE THE
FLASHING STROBE LIGHT OFTEN CAUSES ERROR IN AIM.

Step 1 may have to be repeated several times to get a good photc raph. Save all photographs.

2. a. Before looking at the photograph, describe how you think the sand thrown from the
impact (called ““ejecta’’) will iook.

Experience in Unit Two should yield similar answers.

b. Sketch the crater and the path the material appears to take based on the photograph
and observations.

0

How does the crater formed differ from the predictions?

Instructor should lead a discussion of various student answers. -

L

d. Take at least three more photographs. Arrange them in a time sequence beginning with
an exposure the instant before impact and ending with one after the impact. How does
the ejecta pattern change.

Ejecta is laid dawn by a moving “curtain™ of clebris from the rim of the crater outward.




IMPACTS AT AN ANMGLE: Repair and smooth the sand surface and photograph another
impact with the angle of impact at 45° from the horizontal. Be sure that no one is down
range and that you fire in the direction of the hanging curtain. How are the ejecta paths
different from the vertical impact?

E‘_ﬂw

Ejecta from the vertical impact are thrown out at about & 45° angle. The sheet of ejecta moves cutward in a
symmetrical pattern, producing the appearance of an enlarging, inverted cone. As the path of the projectile
departs from the vertical, the ejecta cone becomes asymmetrical and distorted in the down range direction.

PART B: EXPLOSIVE CRATER PROCESS

1. Attach the plastic tube to the bicycle pump. Check for air leaks. Next, pull the balloon
tightly over the other end of the tube and slip on the clamp. This means that you are using
only a small portion of the balloon and that the thin skin of the balloon will burst easily
when the pump is used.

2.  Bury the tube in the sand but turn up the end in the center of the box so that it is almost
vertical and about 3/4"° below the surface of the sand.

P]\

As in the impact experiment, start the Polaroid picture exposure immediately BEFORE the
quick single push of the bicycle pump and stop the exposure immediately afterwards (1/8
second). If the balloon did not burst, check for air leaks or tighten the clamp on the bal-
loon.

tern.

See photas and discussion on Page 49.

ol

How does the resulting crater (which is a "low-energy’’ explosion crater) compare with
the impact crater?

/n appearance, the crater shape is similar. However, the ejecta pattern is chaotic and dispersed with
gjecta thrown out at all angles. The impact ejecta pattern is well-ordered with ejecta leaving at a 45°
angle. (see Page 49). Note that the ejecta pattern and crater appearance will vary with different depths of
burial of the balloon, In high energy explosions, an impact crater ean be reproduced if the depth of the
explosion Is shallaw.

e

Compare the photos with those from other groups who have done the experiment.

Answers will vary.

ERIC

Aruitoxt provided by Eic:



PART C- ERUPTIVE CRATER PR

je
I
m
oy
[y

The gjecta thrown oul in this process is directed nearly vartical and returns to the surface near the crater
(see Page 49). In this exercise, students have produced three craters vvith raised rims. The processes of for-
mation as shown by the stop-action phoros are very different

1. After completing the previous experime leave the tube buried in the sand. Smooth the

ni,
surface of the sand over the end of the tube.

2. For the final photograph, start the exposure immediately BEFORE pushing the pump {do
not push as hard as for the balloon). Now what do you predict for the pattern of ejecta?
Answers will vary.

3. Sketch the pattern that you observed.

See photos and discussion on Page 49.

4. What geologic process might produce a similar pattern?
Volcanic eruptions could produce such a crater.

5. Place the photographs you have taken side by side, Compare the craters and feawres formed
by each of the three processes.

a. How are all three similar?
All three craters contain similar parts: crater, rim and ejecta.
b. How are they different?
Answers will vary but many students will note thar tie explasive and volcanic craters arg not as
symmetrical as the impact craters.
c. Which have raised rims?
All craters formed have raised rims.
d. Which crater formed the widest ejecta pattern?
Answers may vary. The explosive erater or the impact crater ejecta patterns will probably be widest.
e. How do the ejecta patterns compare to one another?
Answers may vary.
52 S .
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Which process had the biggest effect on the surrounding m: ' 2rial?

!mpace has the greatest effect.

6. Examine Fig. 2.4 and Fig. 2.5.

;(;J‘

b,

2l

4.
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Which feature is probably volcanic? Olympus Mons

Which feature is probably impact? Timachars

What evidence did you use to reach your concl: sion?

Timecharis has well developed ejecta patterns: Qlympus Mons has what seem to be flow patterns down
its flanks.

If you were looking for a crater produced by an explosion, what spec’ | features woul
vou look for that would distinguish it from craters formed by volcanic eruptions
impacts?

jaT e

an

Impact craters have large, well- clefined ejecta patterns; the ejecta patterns of explosion craters may
nar be as well-arganized: valcanic craters have very lirtle ejecta partern.

Examine Fig. 2.6.

List the processes you think are responsible for Tsiolkovsky as we now see it.

Impact to form crater and ejecta patterns to bottom, wall failure, and volcanic eruption from
heneath ta fill the floar.

What evidence did you use to reach your conclusions?

Ejecta patterns radiating from impact site, dark mare fill en floor that is lightly cratered (younger).

What could have caused the mountain peaks in the center of Tsiolkovsky?

Stuclents may suggest volcanoes; this is uniikely. They are central peaks formed by rebound of floor
materials after imparct.




IMPACT CRATERING ON A RAINY DAY

UBJECTIVE

To illustrate the way 0 which planetary surfaces can be dated by analyses of craters, yau will create impact
features with raindrops and will study the craters formed in arder to find out the effect of both continuous
impacting of a surface and the angle of illumination on the appearance of the eratered terram.

MATERIALS —
1. Rainy day (or something 1o duplicate raindrops, such as water sprinkled through a fine-mesh window
screen)
4 petri dishes {(per graup)
Very fine sand (100 u m)
Light source (spot type)
Optional: Polaroid camera and film

L S

PROCEDURE AND QUESTIONS

and. Place one dish in the light rain for about 5 seconds
). How do the crater sizes vary?

1. Ei!l each onetri dish with the fine s
{or until several craters have formed

Are the craters clustered together? Do they overlap?

2. Form a crater in the second dish with your finger. Place this dish in the rain for approxi-
mately 30 seconds.

a. What does the surface look like now?

O
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d. Are there more overlapping craters here than in No. 17

rs form chains of three or more (three or more in a row)?

a. Doanyofthecrat

T

Form another “‘finger’” crater in each of the other two dishes. Place one dish in the rain for
two minutes; the other for four minutes.

a. What has happened to the large craters? Does this agree with your prediction in No. 27

ee maore tiny craters in either of the dishes? Which dish has the most tiny

=
[y
sl
W
-
@L <
w2
-

w

The angle of the light affects what you see. During a full Moon, you can see less detail on
the Moon's surface than you can during the other phases. Turn off the overhead lights and,
v th the spot light, shine the light across the surface of the dishes, Try shining the light from
the following angles and describe what you see.

90° (directly above the craters):

W

b. 45° (% of aright angle):
c. 20°9:
d. 10°:
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Fig. 2.7: Apollo metric photograph AS16 3003. The ancient lunar highlands is the best example of a heavi
tared surface in “‘equilibrium®’. Chains of craters (catena) marked by the arrows, overlapping craters, fresh craters,
ters are all represented. A relatively young mare surface is visible on the limb {lunar harizon). The

anel clegracled cra
effoct of lighting angle is also easy to see. Craters near the darkness (terminator) represent low sun angle pictures,

wherea: the region near the limb is illuminated by nearly overheac sunlight.
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IMPACT CRATERING ON A RAINY DAY

(Instructor’s Notes and Answer Key)

OBUECTIVE
To :iluatv‘ate’g thiwiy which planetyy surfaces can be dated by analyses of craters, you will greate impact
featyras v/ith rar d'ups mf{ vl stusiy the craters formead in order to find out the effect of both comtinuous

rmpac:mg of g surface and the argl= of illumination on the appearance af the cratered terrain,

MATERIALS

1. BRainy duoy lor something 1o duphicats randdrops, such as water sprinkled through a fire-mesh window
soreen)
2. 4 petri dishes (per group)
3. Vary fine sand (100 g =
4. Lght source {spot typed
5. Oupuonal: Polarod eamers and film
FRE-LAB

Sinee the students have prabably done other exdercises on cratenng processes, a special pre-lab is probably

20 munutes, See Figo 2.8 and Fig, 2.9 for sampie rnesulis,

PCST-LAB

The discussion could center 0N a comparison of this activity and rmpact features previously 3 studied,
PROCEDURE AND QUESTIONS
1. Fill each petri dish with the fine sand. Place one dish in the light rain for about 5 seconds

{or until several craters have formed). How do the crater sizes vary?

During a slow, steady rain, many craters will be siniitar in size (seg Fig. 2.8).

Are the craters ciustered together? Do they overlap?

Although craters typically are nat clusteradd, a few clusters do develop. They may overlap.

2 Farm a crater in the second dish with your finger. Place this dish in the rain for approxi-
mately 30 seconds.

a. What does the surface look like now?

The large crater formed by the finger becomes degraded {eraclacl) by the rain mpacts.

b, What happened to the large crater you formed?

/¢t hecarnes less sharp and distinect.
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Fig. 2.8 Different sand surfaces expased for
lengths of time to rain: 5 seconds (upper left), 30 sec-
onds (upper right), 2 minutes (leftl. The large rain-
drop crater in the example at the upper left was pro-
duced by a single large drip from the eaves. The longer
the sand is exposed to the rain, the more craters are
farmed. Thus, the number of craters can be used to
estimate how long the sand has been in the rain. The

concentric appearance of the rain-rop craters was
produced by the water soaking into the sand at the
point of impact but ejecting loose sartel around this

point.
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. What do you suppase would happen 1o the larger crater if yvou left it in the rain for &
minutes (10 times as long)?

1t wotdd probably olisappear.
d. Are there more Dvérlapping craters here than in No. 17
Yo,
e. Do any of the craters form chains of three or more (three or more in a row)?

Answers will vary.

Form another “‘finger’” crater in each of the other two dishes. Place one dish in the rain for
two minutes: the other for four minutes.

. What has happened to the large craters? Does this agree with your prediction in No. 27

The larue craters become degracled (eroded).

5. Do you see mare uny craters in either of the disnes? Which dish has the maost tiny

Tiny craters shauld be found in both dishes with the dish expased for four minutes having the greater
nerther. However, the change in appearance between the surfaces in these two dishes is not as drastic as
impact cratering, the mare difficult it becomes to cistinguish the “age” difference between them. The
same probien occurs on certain planetary surfaces where cratering was so extensive that old eratrers were
clestrayed almost as rapidly as new craters were formed, This condition is called “equilibrium ™.

The angie of the light affects what you see. During a full Moon, you can see less detail on
the Moon's surface than you can during the other phases. Turn off the overhead lights and,
with the spot light, shire the light across the surface of the dishes. Try shining the light from
the following angles and describe what you see. A slide projector could be used as a light
sOource.

a. 909 (directly above the craters):

Sinail craters are nearly invisible, Little decail visible (see Fiy. 2.9).

b. 45° (% of arightangle):

Shaclows help point out imany surface features. Small craters are ohvious.
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List the evidence you see on the Moon for long term impacting.

A variety of crater sizes in various states of preservatinn, chains of craters, high censity of craters per unit

at different locations.

grea. similarity af terrair

effe

]

Describe th

Those craters near the terminator are iflum

nated by low sun angle and show mare de

that are similar to those produced

ffects of changing lighting angle in the photo.

near limhb are iiluminated by a nearly averhead sun and appear “washed cut”’, lacking detail.

in the

Those craters
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UNIT THREE
ACTIVITIES IN AEOLIAN PROCESSES

Wind is an important agent of erosion in many arid and shore regions of the Earth. During
wind erosion, small particles are picked up by the wind, bounced along the surface, or rolled, and
eventually deposited. The most obvious wind-deposited feature is the DUNE eommon in some desert
.as and seashore regions places where there is an abundance of sand-sizc-] particles and a pre-

are
vailing wind direction.

The Earth is not the only planet where wind is important. Venus, with its dense atmospherza
and strong winds, may also have wind-induced erosion and depositional features. Photos returned
to Earth by Mariner 9 and Viking show that much of the martian surface is covered by windblown
features, including numerous dune fields.

In addition to dunes, other wind-related features have been identified on Earth and Mars. The
general shapes of these features are similar enough on both planets to give scientists confidence that
wind was a common factor in their creation. But the similarity often breaks down when fine details
and overall size of the features are considered. The reason for this is clear: although winds blow
strongly enough to move small particles on Mars, the "air'' is on the average 200 times thinner and
made of different gases. Lengths of seaspns and local geography are also very different on the planets.
Thus, the different aeolian (wind-related) environment on Mars accounts for the variation in wind-
related features on the two planets. As of this writing, our knowledge of the aeolian environment on
Venus is still too uncertain to make any judgments about wind-related features on that planet.

In the following activities the student will study wind erosion, deposition, and the general
effects of wind motions on the planets. The activities are fairly easy for the student to control.
However, to ensure bast results, a modest investment in time, materials, patience, and tenacity on
the part of the instructor is required. The results should prove enjoyable.

v - S )
Fig. 3.1: NASA LANDSAT photograph E-1127- Fig. 3.2: Viking Orbiter photograph 510A46, These
06060-6. These dunes are part of the Dash -E -Lut sand dunes on Mars appear remarkably similar to those on
ses aboutr 200 kin east of Kerman in fran. The width Earth (Fig. 3.1). They are located on the floor of the
of this dune field is about 65 km, the photo was crater Proctor about 48°5, 330°W, some 500 km west
taken from 917 km altitude on 27 November 1972. of the Hellespontes Mountains. Dune field width is

40 ki north to the top. Scale is 1cm = 20 km.

Y

North is to the top. Scale is 1 cm =20 km.
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AEOLIAN PROCESSES: MARTIAN WIND TUNNEL

OBJECTIVES

1. In this experiment you will demonstrate the process of wind erosion on surface features such as eraters
and hills,

2. Through photographic interpretation and the wind tunnel activity, you will recognize wind-eroded
features an Mars.
MATEFHAL&I

Wind twnnel model

Contaner of 1004 m sand { ) or super fine sugar { } (check appropriate one)
Fine strainer or sieve

Fiat boitomed container 2-4 inches in diameter

pot light (40-60 watt) or strobe

LJIE - or centimeter scale

oo s

o] ‘Lt"’

PROCEDURE AND QUESTIONS

Mt

Lad

o

Sprinkle the sand or s sugar r evenly over the floor of the wind tunnel. Turn on the spot light

and shine it through one window. Turn on the fan to low speed and view through the other
WIHQQW,

NOTE: Be certain that nobody stands in front of the fan or at the open end of the
wind tunnel. This will disturb the flow of air. |f the fan does not begin to move the
“sand’’ within a minute or so, turn the fan up to a higher speed. The movement of
sand in this exercise will be slow,

Does the sand move?

How high above the wind tunnel floor did the sand rise? {measure in centimeters)

If you were on a desert and a strong wind began to blow the sand, would you better be able
to avoid the sand close to the ground or in a tower?

Blown sand is an important cause of erosion and weathering in some parts of the world
(and on Mars). Where would the action of blowing sand be strongest, close to the ground or
several feet above the ground? Explain.
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10.

11.

—ll
n

14.

15.

Turn off the fan and insert the strainer or sieve BETWEEN THE FAN AND TUBE CELLS
in front of it. Fill the sprinkler (strainer) and tap it so that the sand begins to blow out the
holes. Turn the fan on to medium speed (high if it doesn’t move) and continue to let the
““sand’’ slowly flow out of the holes in the sieve.

How far down the tunnel can you detect sand movement?

Turn off the fan and pour the “‘sand’’ that is on the container (tunnel) back into the tray.
Replace the board and sprinkle an even layer of sand on the tunnel floor. Midway between
the two observation windows, pour © ' »ile of sand through the sieve so that a small
cone is formed (about 2 inches high _ the flat-bottomed container on this pile and
slowly turn it until a2 flat-bottomed cra srms. Remove the container.

In this part of the activity, you will be tu ning the fan on and off periodically to moniter
the progress of erosion of the crater. Turn the fan on to high, After a minute, turn off the
fan and observe what changes have occurred "o the crater and the surrounding area.

Sketch what you observed. Where is the sard being deposited (put down) and where is it
being eroded? Which is carried farthest, the coarse or the fine sand?

. Follow the same procedure in Step 10, but aliow the fan to blow for 4 more minutes.

While the fan is blowing, identify the regions where most of the erosion is occurring.
Which direction does the sand move?

Based on your observation, sketch what effect the crater has on the wind movement.
(Imagine you could see the wind; sketch how you think it would be moving.)

77
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Fig. 3.3: Viking Orbiter photograph 639A62. Wind streaks on Mars located on the Tharsis Plateau, south-
west of Arsia Mons. The picture center is approximately 14°5, 129°V/, North is not ar the top, but in the
direction of the superimposed arraw in the lower left. Notice the similarities between this picture and your

experimental wind tunnel results. Scale is 1 cm = 20 km.

.
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Fig. 3.4: Viking Orbiter phamgraph 724A31. Equatorial yardangs on Mars located south of Elysium Mons.
The picture center is about 3°5 208°W. North is not-at the top, but in the direction of the superimposed

arrow. Seale is 1em =1 km.

Flg 3.5: NASA éﬁTS {Landsat) saféllite photegraph 77'25' 061714-6. rThése are part of the Namakzar
yardangs located 100 km west of the Dash-E-Lut sand dunes (Fig. 3.1) in Iran. The photo was taken on 28
Navember 1972. North is to the top. Scale is 1cm =5 km.
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16. Turn off the fan. Remove the sand. Resprinkle the surface with a new layer of sand as you
did in Step 9. Form a new cone but this time DO NOT FLATTEN IT. Turn the fan on to G
high speed. Leave the fan on until most of the material has been removed from around the
cone. Describe the shape of the cone now.

17. Leave the fan on until most of the material has been removed from around the cone.
Describe the shape of the cone.

18. Look at the photograph of Mars (Fig. 3.3). Do you see anything similar to what you pro- . ot
duced in the tunnel? Which direction do you think the wind was blowing? Are the dark areas '
behind the craters EROSIONAL zones or DEPOSITIONAL zones? "The light areas?”

19. Compare the results of the eroded sand cone to the .+ artian photograph (Fig. 3.4) of the
elongated hills. On the Earth, elongated hills develop in desert regions as a result of continu-
ous erosion by sand and wind coming from only one direction. These features are called
"yardangs" and their existence on Mars suggests a desertlike climate and long history of
wind erosion from prevailing winds. Compare with Fig. 3.5.
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AEOLIAN PROCESSES: MARTIAN WIND TUNNEL

{Instructor’s Notes)

OBJECTIVES
1. |n this experiment you wili demonstrate the piocess of wind erosion on surface features such as craters
and hills. '
2. Through photographic interpretation and the wind tunnel activity, you will recognize wind-eroded
features on Mars.

MATERIALS

Wardrobe box from moving company.

3-speed 20" fan

Two boxes approximately 6" x 207" x 24"’

Hexcell material (Hexcell material is closely spaced hexagonal f cardboard-like material that is
used to even out the flow of the wind. Other possible replacement could be apen-ended cardboard

:h' [P

Wood Striprpiiﬁg 8 x1"x 15"
String

100 m sand (10 Ibs.) or 2 Ibs. of SUPERFINE sugar

. Very fine strainer
10. Container to hold sand
11. Flat-bottomed glass (4*' diameter petrie dish or 2'" diameter glass with smooth bottom)
12. Haollow copper or aluminim tubing (pliable 307 x %7)
13, Masking tape
14. Clear plastic wrap (12" wide)
15. 40 or GO watt lamp, or strobe light
16. Scoop and funnel

REFERENCE ARTICLES

The following articles all may be found in a special issue of the Journal of Geophysical Research, vol. 84,
No. B 14, December 30, 1979, devoted entirely to the scientific investigation of Mars, ’

27

Earth, pp. 8183-8203; a well-illustrated description of aeolian features on Mars.

Tsoar, Haim et al., Mars: The North Polar Sand Sea and Related Wind Patterns, pp. 8167-8182; the aeclian
regime at the polar regions of Mars is discussed. .

Ward, A. Wesley, Ya;dangs on Mars: Evidence of Recent Wind Erosion, pp. 8147-8166; nicely illustrated
interpretations of the interaction of wind with local martian geology.

PRE-LAB
None required

POST-LAB T

Thirty minutes: A postlab discussion should consider the features formed and how they compare with
features on Earth and Mars.
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MARTIAN WIND TUNNEL

finstrictors Koyl

OBJECTIVES
1. in thss experiment you will demanstrate the process of wod @ oy on surface features sueh gs craters
anet hills,
2. Through phoiographic interpretanon and the wind twunoe! activity, you vall recogmze wind-eroded

features an Mars,

WWind tunnal model

1.

2. Container of 100 am sand (Vo7 super fing sugas () (eheck spprooriate ang)
3 F: T Er [aF 3iI8yE

4,

PROCEDURE AND QUESTIONS
1. Sprinkle the sand or sugar evenly over the floor of the wind tunnel. Turn on the spot light
and shine it through one wi’r;t,j . Turn on the fan to low speed and view through the other
window.
NOTE: Be certain that nobody stands in front of the fan or at the open en d of the
wind tunnel. This will disturb the flow of air. If the fan does rn:zt begin to move the
'sand’’ within a minute or so, turn the fan up to a higher speed. The movement of
sand in this exercise will be slow.
2 Does the sand move?
Yées
3.  What fan speed was necessary to begin the sand movement?
AMeclium for sand, high for sugar.
4, How high above the wind tunnel floor did the sand rise? (measure in centimeters)
Approxanately 2 i,
5. If you were on a desert and a strong wind began to blow the sand, would you better be able

to avoid the sand close to the ground or in a tower?
Inn a tower.
6. Blown sand is an important cause of erosion and weathering in some parts of the world

(and on Mars). Where would the action of blowing sand be strongest, close to the ground or
several feet above the ground? Explain

Cinse to the surface.
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sand Csiowiy Hlow out of the bolas in the sieve.

8 How far down the tunnel can you det=ct sand movement?
Tére ontiee el

O Turn off the fan and pour the “sand”” that is on the container (tunnel) back into the tray
Replace the board and sprinkle an aven layer of sand on the tunnel fioor. Midway hetwegn

the two abservation windows, pour g small pite of sand through the sieve so th
one i formed (about 2 inches high). Place the flat-bottomed container on thi

L

slowly turp it until a s flat-hottomed crater forms. Remove the container.

by this part of the aclivily, yuu vais be
the progress of erosion jf the crater L
Far anud abiseres whzat changes have oc o] 10 the crater ar g su rmmrirm area

irn off the

11. Sketch what you observed. Where is the sand being deposited (put down) and where is it

being eroded? Which is carried farthest, the coarse or the fine sani?

Lo Fip 35

hut allow the fan to blow for 4 more minutes.

13, While the fan is blowing, identify the regions where moest of the grosion s occurring.

o

ol

14, Which direction does the sand move

Diwvernvvined,

15. B ,5,(] on your observation, sketch what effect the crater has on the wind movement.
(Imagine you could see the wind; sketeh how you think it would be moving.)

The shetch beluw represents the acrodynanic characteristics of a crater when vwind hlows arross it Freeem Iefr
to right. (Wind stream is n the direction of the large arrows.) Experiinents to visualize this madel were
Jane ar the NASA Ames Re

wrch Center. JORTE® CORE
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Fig. 3.6: Wind tunnel model craters. The left column of pictures shows a crater
formed by s 2° diameter drinking glass pushed into a mouned of sand as time
progresses from top to battom. The right celumin shows wind effects on a crater
faormed with a 47 diameter petri Jish (photus are nat to the same scale). The
wind is hlowing from left to right. Natice that in the second pair of pictures,
both craters are developing two zones of erosion that enlarge in the thirc ppair of
1el in the fourth pair

phaotes. The dead space in between appearinyg as a tail of s
of photos is actually a zane of deposition farmed by lateral movement of sand
into the region. Notice also that as time progresses, another erosional zone is

de the crater an the upwind side aof the “back™ vl The crater

developing i1
alf is Beginning ta develsp an serodynamic shape. The sand in the zones of
{ by turbulent vortices foringd as the windstream

res
erosion is probahly remaoy
breaks up along the “side’ wlls,

g 85 76
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~urn off the fan. Remove the sand. Resprinkle the surface with a new layer of san

d as you
did in Step 9. Form a new cone but this time DO NOT FLATTEN IT. Turn the fan on to
high speed. Leave the fan on until most of the material has been removed from around the

cone. Describe the shape of the cone now,

{ eave the fan on until most of the material has been removed from around the cone.
Describe the shape of the cone.

t has become eroded.

~

ing? Are the dark areas

i)
%o}

similar to what you pro-

=3

i

Laok ot the phatogranh of Mars (Fig. 3.2). Do you see anythin
C |

n
duced in the tunnel? Which direction do you think the wind was
hehindd the craters EROSIONAL zones or DEPOSITIONAL zones?

ome from the northeast (from top right 1oward lawer left). The dark

The average, prevailing wind has ¢
hright, surfsce material has been scoured away exposing darker, under-

T

Is are most likely repositional where bright surface materials, ponded in

greas are probably erosional wh

S o

crarers, has baen bhiown oul.

the results of the eroded sand cone to the martian photograph (Fig. 3.4) of the
hills. On the Earth, elongated hills develop in desert regions as a result of continu-
nd and wind coming from conly one direction. These features are called
climate and long history of

[

ompare
eslongated

ous erosion by sa
"yardangs" and their existence on Mars suggests a desertlike
wind erosion from prevailing winds. Compare with Fig. 3.5.

See the third reference articie found in the cnstructor’s Notes.
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et of air covering its surface. Venus, Mars and
the outer planets have dynamic g seous envelopes. However, none of the other planets or moons
has that special combination of gases whlch sustains hfe as we know it. Or perhaps it should be
said that the special cornbmaz;m f ases on Earth was responsible for the evolution of [ife as

The Earth is not unigque in possessing a blank
5.

we know it.

A quick glance at the chart of the characteristics of the planets (inside cover}) gives several
nther reasans why planetary atrnczsphpres ire ﬁlffereﬂt First, surface gravity, the force which holds
down an atmosphere, differs significantly among the planets. Second, the distance from the sun
will determine how much energy is available to heat up the gases in a given atmosphere!: the closer

planet is to the sun, the more energy is available 1o propel the lightest atmospheric gases to an

o

verage speed exceeding the escape velocity.

m

There are other factors that do not show up in the chart to explain the differences in plane-
! . We know that the general chemistry and aeologic history of each planet differ
just en@ugi so that if atmospheres formed by gases escaping from the interiors, the constituents and

total pressure are likely to be different. Except for Pluto, the outer planets are, in fact, mostly gases
under exotic states of pressure and temperature.

Fig. 4.1: Viking Orbiter photograph 211824
This spectacular view of a huge dust clotid on
Mars is a sample of the abundance of large scale
weather disturbances on that planet. The cloud
is over 8 km high and rearly 700 km long. It is
located over Solis Planum at 17°5, 92°W, seuth
of the great chasm Valles Marineris which is
visible at the top of the picture. Valles Marineris
is Ffilled with dust clouds. Seientists were able
to track the movement af the cloud for several
days. It is travelling to the southeast ar about
17 m/eec {about 38 mi/hrl. North 15 approxi-
mately to the top. Not all menitoring of planets
is dane by photography. Thiscloud, forexample,
Wwas idéﬁl‘ffié‘d as a dust cloud b}; its themﬁl

r:anflrm this f/nd,lng,; NEH=QthQ§f§;;3hIE instru-
ments are extremely important for planetary
exploration.
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OBJECTIVE

—

[

e
]

By photographing the path of an an puek as it procecds across a turntable, you will demonstate the

Connhis Effect.

Polarod camera with ASA 3000 black und white Bl

1

2. Stiolw
3. Phoio tripod
4. A opuck

as indicated by the instructor {the strobe should

Check to make sure the equipment is set up

| cated about 1 meter from the turntable and at the same level as the turntable).

For the first photograph, the tripod and the camera are off the turntable. As a result, your
frame of reference (in this case the camera) — the point from which you are viewing = is
disconnected from the rotating turntable. This is similar to what you would see if you were
high above the north pole and watching a rocket or an airplane fly across the polar region.
Practice gliding the puck across the spinning turntable without hitting the tripod legs.

After several practices, you should be ready for your first photo:

Set the camera and focus it.

Turn on the strobe light and set it for maximum flash rate.

Fill the air puck.

Turn off the room lights.

Spin the table counterclockwise.

Start the exposure just before the air puck is pushed across the turntable and then stop

the exposure as the puck slides off the turntable.

et

e

jadars

n-_H ‘m

What path do you think the puck will take across the table?

Straight .. . ... ..., totheright ... ..., ..., totheleft ... . ... . . . .

What pa*t does the air puck take in the photo?

Straight ...... . ......, totheright . __ . ... .. , totheleft . |
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Counterciockwise rotation: 111 tins part of the activity, the camera and tripod are placed

n the turntable. So now, your frame of reference — the camera — will be connected to the
rotating turntable, This is simifar to what you normally see. You are on a “"turntable” (the
arih), which is gpinning with a counterelockwise motion.

~
fel

m

Place the tripod legs in the metal holders on the turntable; these will help keep the tripod
from falling off as the table spins.

Practice giving the air puck a quick shove while the turntabie rorates. Then proceed with the
photo sequence:

Set the camera and focus it.

ta. Tum on the strobe light and set it for maximum flash rate.

C. Fill the air puck.

4. Turn off the room lights.

Snin the table in g counterglockwise ddirection.

f. Start the exposure just before the air puck is pushed across the turntatsle, then stop
[=

the exposure as the puck slides off the turntab

What path does the air puck take this time:
Straight ... . . .. ., totheright ... ... ,totheleft ... .. ... ..

Is this the path the puck really took? Explain. Look at the photo and note hoth the direc-
tion the npuck was shoved and the d|rect|Dﬂ of rotation of the turntable.

Clockwise rotation: Again, the viewer's frame of reference is connected to the turntable,
but this time the rotation is clockwise. Follow the same procedure as in No. 5, only this
time the table should be rotated in a CLOCKWIS E fashion.

What path does the nuck take now: '

Straight ... .. .. .. . totheright ... .. ., totheleft

How does it compare to the counterclockwise rotation?

81
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10.

11.

12,

Lock at the photo and note the direction of the moving puck ana the direction of rotation
of the turntable.

a.  Which way would the turntable appear to rotats if you were looking from below?

b. Which way would the puck appear to move?

if you are on the rotating turntable, the puck APPEARS to have changed its direction, as if
acted on by a "‘force.”” This IMAGINARY ‘force’” is called the CORIOLIS FORCE and the
curve of the puck’s path is due to the CORIOLIS EFFECT. As you saw in the first photo-
graph, the puck DID NOT actually experience a “'force’ as it crossed the rotating turntable.
it merely APPEARED to experience a "'force” because the viewing position (frame of ref-
erence) was maoving with respect to the actual straight path of the puck,

For counterclockwise motion, the “force’”” APPEARS to pull the puck to the right of the
path; for clockwise motion, it APPEARS to pull the puck to the left.

Iy

This same Coriolis
even very large ships.

effect’” also affects the motion of ocean currents, aircraft, rockets, and

Examine the photograph of windstreaks on Mars (Fig. 4.2). In which direction was the
veirid blowing?

Which side (left or right) does the wind seem to be deflected with respect to its direction
(that is, which way does the Coriolis “force’’seem to act)?

Mars, like the Earth, rotates counterclockwise {(as seen from above the north pole) once in
about 24 hours.

a. How do you explain this deflection TO THE LEFT?



Fig 4.2: Viking Orbiter mosaic 211-5478, rev 326A; cratered terrain mapping. Czntered at 20°S, 250°W, this
jon en Mars called Hesperia Planum, site of much aeollan activity. Note the bright streaks asso-

mosaic (s of a reg
ciated with soine of the craters. They may be used as wind direction indcators as the wind tunnel activity (Unit

Three) demonstrated. North is to the top.
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CORIQLIS EFFECT
{Instructor’s Notes)

ET-UP PROCEDURE

[y
|
m

1. Place the round table top on the turntable. Cut the black posterboard into a circle of diameter 287
and center it on the round table top,
7. Check for centering of the turntable and table top by spinning the turntable,

3. Glue the metal finger pulls as shawn in the illustration far Set-up B {these help to keep the wripod from

sliding off the twrntable),

4. Place the strobe light approximately 1 meter from the turntable. Set thewtrobe on a box or books in
arder to bring the light to the same level as the turntable top. )

5. \When the tripod is placed on the turntable, the “rear” tripod leg should bie adjusted so that it is slightly
shorrer than the other legs, This permits contering the camarg abave the turntable.
. Set the camera for a ime exposure!:

a. On automatic cameras set for “Indoars without Flash
. Place exposure control on lens to “'Darker”
c. Fim speed setting: 75 (even though you will use 3000 speed film)

Any polaroid camera will work if it permits lime exposures and can be focused to approximately
1 meter {3 feat).

7. There is nothing magical or mandatory about the arrangements; they are simply convenient. In each
set-up, the “pusher’” and the photographer should practice cogrdinating their movements before turn-
ing on the strobe light and taking the picture. The goal is to push the air puck across smoothly and
rapidly while the turntable is rotating (=1 rev/5-10 see). The pusher should place the puck ON the
surface and have a target nn the othe: side. That is, the puck should mot be thrown or droppad ontg

the surface.

SET-UP A: TRIPOD OFF THE TURNTABLE
Eill the air puck. The pusher can start the turntable r@tatiﬁg and shove the puck across just
after the cameraman has started the time exposure. The puck will fa!l off the turntable on
the c.ther side.

E Strobu haht
Y

|
/1A

8 Tl ivgs -

Target

‘ Phoiographer . !
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i
e
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SET-UP B: TRIPOD ON THE TURNTABLE; COUNTERCLOCKWISE ROTATION

Because the camera now will rotate during the time exposure, the photographer (rather than
the pusher) should control the motion of the turntable. This is easily done and control’ed.
In practice, the turntable completes only about %-turn during the time the puck crosses the
surface and the exposure is completed. The photographer begins to rotate tﬁe camera and
platform, ready to start the exposure. As soon as the platform begins to rotate smoothly,

End

SET-UP C: TRIPOD ON THE TURNTABLE; CLOCKWISE ROTATION
This is essentially the same as set-up B, except the turntable is spinning in the opposite

direction. Remember to have the puck on the turntable surface so that the turntable will
rotate a little beneath the puck before shoving it towards the opposite side,

Engl

L]



—Upper Left: Laboratory set-up for atmospheric circulation exercise. Polaroid camera is

Everything rests on large storage turntable. Air puck is used for frictionless movement across
rotating board.

—Upper Right: Strobe-light photograph of air puck as it travels across rotating turntable.
puck.

—Lower Left: Strobe:light photograph of air puck with tripod and camera attached to
counterclockwise-rotating turntable. Air puck appears to veer to the right of its direction of
moverent because the camera is rotating counterclockwise relative to the air puck.

—Lower Right: Strobe-light photograph of ai;puck with tripod and camera attached to
clockwise-rotating turntable. Air puck appears to veer to the left of its direction of moverrient

Q
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CORIOLIS EFFECT

{Instructor’s Key)

What path do you think the puck will take across the éable?

Straight coeeveeeeeeeeeieee e, to theright o, to the left coverceeene.
Answers will vary.

What path does the air puck take in the photo?

Straight . .....0.ccoooiiis 1, 10 the Fight ccveeceieecceeneea., to the left .

The air puck takes a straight path. See Page 86. The tripod and camera are in the same frame of reference as
the air puck —independent of the turntable.

What path does the air puck take this time?

Straight ...coooiiiciiieieiieeee.., totheright .. Z..., to the left ...

The air puck appears to be moving to the right because the camera is rotating counterclockwise relative to
the air puck. This is what actually occurs in the narthern hemisphere.

Is this the path the puck really took? Explain. Look at the photo and note both the direc-
tion the puck was shoved and the direction of rotation of the turntable.

No, this is the APPARENT path. The puck actually moved in a straight line. It appears to maove to the right
because the camera is rotating counterclockwise relative to the air puck.

What path does the puck take now:

Straight . oo, totheright ..., totheleft
How does it compare to the counterclockwise rotation/

The puck moves to the left, opposite to the counterclockwise rotation.

Look at the photo and note the direction of the moving puck and the direction of rotation
of the turntable.

.a.  Which way would the turntable appear to rotate if you were |looking from below?

Counterclockwise—opposite.
L. Which way would the puck appear to move?

The puck would appear to move to the right.

e 98
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CORIOLIS EFFECT

{Instructor’s Key)

What path do you think the puck will take across the éable?

Straight coeeveeeeeeeeeieee e, to theright o, to the left coverceeene.
Answers will vary.

What path does the air puck take in the photo?

Straight . .....0.ccoooiiis 1, 10 the Fight ccveeceieecceeneea., to the left .

The air puck takes a straight path. See Page 86. The tripod and camera are in the same frame of reference as
the air puck —independent of the turntable.

What path does the air puck take this time?

Straight ...coooiiiciiieieiieeee.., totheright .. Z..., to the left ...

The air puck appears to be moving to the right because the camera is rotating counterclockwise relative to
the air puck. This is what actually occurs in the narthern hemisphere.

Is this the path the puck really took? Explain. Look at the photo and note both the direc-
tion the puck was shoved and the direction of rotation of the turntable.

No, this is the APPARENT path. The puck actually moved in a straight line. It appears to maove to the right
because the camera is rotating counterclockwise relative to the air puck.

What path does the puck take now:

Straight . oo, totheright ..., totheleft
How does it compare to the counterclockwise rotation/

The puck moves to the left, opposite to the counterclockwise rotation.

Look at the photo and note the direction of the moving puck and the direction of rotation
of the turntable.

.a.  Which way would the turntable appear to rotate if you were |looking from below?

Counterclockwise—opposite.
L. Which way would the puck appear to move?

The puck would appear to move to the right.
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CORIOLIS EFFECT

{Instructor’s Key)

What path do you think the puck will take across the ta
Straight ..ocoeveceeeecerineneeee. , to theright ...
Answers will vary.

What path does the air puck take in the photo?

Straight ...l to theright ...

The air puck takes a straight path. See Page 86. The tripod and c:
the air puck —independent of the turntable.

What path does the air puck take this time?

The air puck appears to be imoving to the right because the carr
the air puck. This is what actually occurs in the northern hemispl
Is this the path the puck really took? Explain. Look a
tion the puck was shoved and the direction of rotation ¢
Na, this is the APPARENT path. The puck actually moved inas
because the camera is rotating counterclockwise relative to the ai

What path does the puck take now:

Straight _ __ to theright ...

= F




2.  Which side (right or left) does the wind seem to be deflec:- . ..ivt _,. 1 = direction;
that is, which way does-the Coriolis "force’” seem to act?

3. In which martian hemisphere, the northern or southern,: = © ip m: de?

4. Draw the path that a north-blowing wind should take wr »= sutice of the Earth in the
northern hemisphere, e

3

N =

5. Draw the path that a southerly wind would take in the narthern hemisphere.

g

i Y4 90
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CORIOLIS EFFECT — DEMONSTRATION |

(Instructor’s Key)
PART A: CAMERA STATIONARY

1.  What path does the air puck take in the photograph ?

Straight ... %... ..., totheright ... 0. ...

With no rotation, the puck should move straight across the table.

PART B: COUNTERCLOCKWISE ROTATION

1. What path does the air puck take in this photograph?

Straight . .. .._............., totheright . %X ...

2. Is this the path it reaily took? Explain.

s

1o the left

1o the left

The air puck appears to be moving to the right because the camera is rotating counterclockwise relative
to the air puck, The puck is actually moving along an approximately straight path.

PART C: CLOCKWISE ROTATION

1. What path does the puck take?

Straight ......... ... , totheright ...

2. How does it compare to the counterclockwise rotation?

The puck maves to the left, oppasite to the counterclockwise rotation.

-7

to the left

X

3. Which way would the turintable appear to rotate if you were looking from below?

Counterclockwise—oppaosite.

4.  Which way would the puck then appear to move?

The puck would appear to move to the right. -

PART D: WIND MOTION

1. Based on Fig. 4.2 showing windblown streaks associated with craters, in which direction

was the wind blowing?

The wind was blowing from the north to the southeast, or top to boftom.

sl

9
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2. Which side (right or left) does the wind seem to be deflected with respect to its direction;
that is, which way does the Corialis ‘'force’” seem to act? )

The wind is deflected to the left.

3. In which martian hemisphere, the northern or southern, was this photo made?

This photagraph was taken in the martian southern hemisphere.

4. Draw the path that a north-blowing wind should take on the surface of the Earth in the
northern hemisphere. ’

The path should show a deflection to the right.

5. Draw the path that a southerly wind waculd take in the northern hemisphere.

Again, the deflection would be to the wind's right.

O
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CORIOLIS EFFECT — DEMONSTRATION 1

OBJECTIVE
By plotting the motion of an object across the surface of both moving and non-moving spheres, you will
demonstrate the real and apparent motions of objects Moving across the Earth’s surface. This motion is
known as the Coriolis Effect. ’

MATERIALS )
1. Large markable globe or turntable covered with paper {markable)
2. Chalk or crayon .

PROCEDURE AND QUESTIONS

1. With the large globe resting on a table and its axis vertical, draw a straight line from the
north pole (or center of the ’L:-,Jrntablre) to the equator (edge of turntable). This shows the
path of an object moving southward from the north pole on a NON-ROTATING planet.

2. In what way does this fail to show what is really happening to objects meving over the
Earth’s su:ace?

3. Repeat Step No. 1, but this time rapidly rotate (spin) the gloe (or turntable) in a counter-
clockwise direction. Draw the straight line again from the north pole to the eguator while
the globe is spinning.

4. Describe the {ine for~igd.

6. What does this demonstration imply about the ﬁ’j‘DtiDﬂ of objects moving over the Earth’s
surface? )

O
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7. Examine Fig. 4.2. The streaks shown here are caused by the prevailing wind over this part

of Mars.
a. Do the streaks form a straight path?

b. What does the shape of the wind streaks indicate abbut the existence of a Coriolis
Effect on Mars? ) ] '

A

{3t
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CORIOLIS EFFECT — DEMONSTRATION 1[I -

(Instructor’s Notes and Answer Key)

OBJECTIVE )
By plotting the motion of an object across the surface of both moving and non-moving spheres, you will

* demonstrate the real and apparent motions of objects moving across the Earth’s surface. This motion is
known as the Coriolis Effect. ’
MATERIALS

1. Large markabie globe or turntable covered with paper (markable)
2. Chalk or crayon

PROCEDURE AND QUESTIONS

1. With the large globe resting on a table and its axis vertical, draw a straight line from the
north pole (or center of the turntable) to the equator (edge of turntable). This shows the
path of an object moving southward from the north pole on a NON-ROTATING planet,

2. in what way does this fail to show what is really happening to objects moving over the
Earth's surface? ,

LY
in this mocel, the “Earth” is not rotating.

3. Repeat Step No. 1, but this time rapidly rotate (spin) the globe {or turntable) in a counter-
clockwise direction. Draw the straight line again from the north pole to the equator while
the globe is spinning.

4, Deseribe the line formed.

This line will show a deflection to its right. This deflection is influenced by the speed of the spin.

5. Did the chalk actually follow a straight path?

Yes, the curve is due to the rotation of the sphere.

What does this demonstration imply about the motion of objects moving over the Earth’s
surface?

P’]‘

rotation. This is enly an apparent deflection, however. The objects are really following an approximately
straight path.

Lo .
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7. Esxamine Fig. 4.2. The streaks shown here are caused by the prevailing wind over this part
of Mars.

a. Do thestreaks form a straight path?
Na.

b. What does the shape of the wind streaks indicate about the existence of a Coriolis
Effect on Mars?

There must he 3 Coriolis force on Mars.

c. Does Mars rotate?

Yes,

O
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STORM SYSTEMS

§
i e - i
OBJECTIVES \
1. By examining photographs of the Earth, Mars, and Jupiter, you will recognize the influence of the
Cariolis effect on wind cireulation patterns.

e amining addhtional photoaraphs, vou will recognize other weather systems on the three planats.

"
[ang

MATERIALS
Warld maps

QUESTIONS

[w]

EDURE AN

\D\

PRO

)

Atmospheric circuiation has long been known 10 be caused by differences in heating be
the poles and equator. On an ideal non-rotating Earth warm air would rise over the equatorial
regions lowering the air pressure there. Air would then circulate northward to the cool, polar
regions where it would sink, increasing the air pressure locally. To complete the cycle the cold, high
aressure air would travel southward at ground level to return to the equator. This simplified pattern
of circulation (Fig. 4.3) is complicated by the spinning of the Earth, breaking the circulation into
several cells from poles to equator. But it is nonetheless true that air moves from regions of high
pressure to regions of low pressure. The pressure difference, or gradient, is the driving force, but
other effects prevent the trajectory of a given mass of air fromvbeing a direct one from high to low.
Friction between the ground and the air modifies its motion. But the Coriolis effect, as you saw in
the preceding activity, has the greatest influence by deflecting air masses ta the right in the northern
hemisphere and to the left in the southern hemisphere. Figure 4.4 shows this effect.

Fig. 4.3: An idealized pattern of air circulation on a
maodel planet. Although z’r;zmpféte/p unrealistic, a
simple pattern of airflow would soon develop over a
planer as shown If the planet were not spinning and
the axis were at right angles to the orbital plane. The
Sun would heat the planet maost strongly at the sub-
solar paint, the equator. Air would rise and lower the
pressure locally. Colder, denser air would sink at the
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Coarialis “"force”™ - .. Corigli

Time 1 Time 2 Time 3

Fig. 4.4. As ain arhitrary small mass of air, called an air parcel, nmioves undar the influence of a pressure gradi
path is aot 3 direct one fram high to low. The curved lines around the low pressure center are points of equ:
sure, or isobars. They are like contours of topogravhy, where the low pressure center can be considered a “w
sink for air, and the high pressure center can be considered a ridge ar source of air. The air parcel is deflected
right in the northern hemisphere as time progresses. Thus, the final mation of an air parcel is nearly parallei
isobars, rather than crossing thein directly. In the southe n hemisphere, the mirror image of the diagram is ob

The cyclonic storm is the fundamental mechanism for turbulent, inclement weather on |
C‘;yclcnes not to be EGﬁfUSEd with tornadoeg are huge well=orgaﬁized Iow-pressure centers !

on Earth as descnbed in F:gure 4 4 generate such Ir;iw ;jressure enters. Air parcels can app
iow pressure cells from all directions. Because of the Coriolis deﬂeﬁtion a circulation of wi
sei up around the low pressure centers. Figure 4.5 shows how the circulation begins. The net
is a counterclockwtse spiral of air parcels into the low center in the mjrthern hemlsphere and at
wise spiral in the southern hemisphere.

J

/ e

=
N

y L / f;guﬁtgfglaﬁkwise Clockwise
\ — / glfrculatnjﬁ \ zifrcuiatiéﬁ
/zﬁ winds \\ .ei‘/ winds
Northern Hemisphere " Southern Hemisphere
kY

Fig. 4.5: A simplified schematic showing how law pressure cells (cyclones) develop. Air parcels heacling
toward the lows are deflected by the Coriolis effect and set up the circulation patterns shown.



Fig. 4.6: “National Oceanic and Atmaspheric Administration satellite global photograph 1134/1145, The Earths
northern hemisphere taken 14-15 February 1975, North America is at the bottom. Narth Pole in center.

N} 110
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Examine the NOAA satellite photomosaic of the northern hemisphere (Fig. 4.6). The clouds
appear to form tightening spirals to the north. Examine in particular the spiral on the 2248
GMT meridian {left and slightly above center). These spirals are low pressure cells or cyclones.
Surface winds converging into the low are affected by the Coriolis force (compare with
Fig. 4.5). '

Why do you think weather systems move from west to east? in other words, why does a
storm over California end up in Virginia in a few days? :

Examine the NOAA satellite photomosaic of the southern hemisphere {Fig. 4.7).

a. Notice the well-developed spiral of clouds southwest of Australia (off the coast of
Antarctica below center). What is this feature?

[x!
=
o
~
Y]



d Atmospheric Administration satellite global photograph 1134/1146. The E
5 February 1975. South America is at the top. South Pole and Antarctic ice

Sig. 4.7: National Oceanic an
outhern hemisphere taken 14-1

1 center.
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10.

What 1s the difference between the cloud patterns in the southern hemisphere and the north-
ern hemisphere?

Why do you think the tail of clouds emanating from the spiral extends in the direction
observed?

another east of Greenland. Compare it to the diffused spiras off th
South America. Explain why they both look as they do.

The band of clouds across the central portion of the picture is called the intertropical con-
vergence zone (ITC). It occurs where maximum heating drives moist air into the upper
atmosphere. ‘

a. Look at Figure 4.8. Where should the ITC be located according to the simplified picture?

b. Leook at your world map. Locate the equator in Figure 4.8. Is the ITC north, south or
directly over the equator?

[l

Again look at Figure 4.8, What kind of weather would you forecast for the next 24 hours in:

a. Madrid?



Fig. 4.8: The Earth as seen from the European Meteosat weather satellite. The picture was taken in 1978 at noon,
Greenwich Mean Time. The north pale is precisely at the top. Note the extremely clear weather over Spain, Partugal,
France, all of northern Africa and the Middle East. -
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Fig. 4.9: Portion of Viking mosaic 211-5482 showing a region around the south polar cap. The bright
polar cap is compaosed mainly of “dry ice” or frozen carbon dioxide.

Fig. 4.10: Viking Orbiter photo 783A42, showing a water frost cloud pattern over the surface of Mars.
Naorth is to the top. :

e 115 104
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b. Cairo?

c. Cape Town?
d. London?

Study Figure 4.8. Pay particular attention to any wind indicators you might see. Mars
rotates in the same direction as Earth.

a. \What evidence is there that the Coriolis effect is at work her-.?

b. How can you be sure that this is the southern ice cap?
Look at Figure 4.10 taken by a spacecraft over Mars.
a. Wnat do you think this cloud feature is?

b. In what hemisphere is this feature and why?

Figure 4.11 was taken by a spacecraft that flew past Jupiter. The Great Red Spot (GRS)

appears to be a great storm.
a.  In which direction are the winds around the GRS rotating?

b. Is the GRS located in the southern or northern hemisphere?

1

]
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c. s the rotation correct for a Co

Fig. 4.11: Jupiter. Vayager 1 took this approach picture on January 9, 1979,

from 54 million km (34 million miles) out. The GRS is the large vortex just
below center. North is at the top.

117
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SITURWVISTOIEVIS

B {Instructors Key)
1. Examine the NOAA satellite photomosaic of the northern hemisphere (Fig. 4.6). The clouds
appear to form tightening spirals to the north. Examine in particular the spiral on the 2248
GMT meridian (left and slightly above center). These spirals are low pressure cells orcyclones.
Surface winds converging into the low are affected by the Coriolis force (compare with
Fig. 4.5).
a. Which way do the spirals appear to be tightening, clockwise or counterclockwise?

Counterclockvise.

b, Why?

The Ceariolis deflecrion of winds in the narthern hemisphere causes a counterclockwise circulation

ground 3 low.

What do you think the fong tail of clouds attached to the spiral represents’?

o

A cold front: rain squals.
d. What kind of weather is likely to be associated with this cloud pattern?
.  Showers, perhaps heavy, depending on season, snow, sleet, hail, erc.
2. In which direction does Earth rotate as seen in Figure 4.67
Counterclock wise.

Why do you think weather systems move from west to east? In other words, why does a
storm over California end up in Virginia in a few days?

L

Counterclockwise motion of Earth exerts a frictional drag on the atmosphere “pulling” it along at a slower

pace in a counterclockwise direction: west to east.

4, Examine the NOAA satellite photomosaic of the southern hemisphere (Fig. 4.7).

Notice the well-developed spiral of clouds southwest of Australia (off the coast of
Antarctica below center). What is this feature?

i)

A low pressure cell; a cyclonic storm.,
b. Which way does the cloud spiral tighten?
Clockwise.
’ c. Why?

The opposite Coriolis deflection (to the left) is éxpected‘ftj{ rige southern hernisphere.

o7 11s

ERIC

Aruitoxt provided by Eic:



5. What is the difference between the cloud patterns in the southern hemisphere and the north-
ern hemisphere?

thase in the northern f1emisphere because in contrast 1o the narthern hemisphere, land masses do not inter-
fere significantly with the circularion arouns’ the southern pole to 45°5 latitude.

8. Which way does the Earth rotate as seen in Figure 4.7?
Clock wisa,

7. Why do you think the tail of clouds emanating from the spiral extends in the direction
observed?

The front and air masses near the cyclonic storm lag behind the motion of the cyclone itself.

8. Examine Figure 4.8. Notice the beautifully defined spiral over northeastern Europe and
another east of Greenland. Compare it to the diffused spiral off the southeastern coast of
South America. Exnlain why they both look as they do.

Both are cyclonic storrs or low pressure cells. Northern and southern storms spin in opposite directions.
The weather in the northern storm 15 likely to be more violent and organized.

9. The band of clouds across the central portion of the picture is called the intertropical con-
vergence zone (ITC). It occurs where maximum heating drives moist air into the upper
atmaosphere.

Over the eguator.

b. Look at your world map. Locate the equator in Figure 4.8. Is the ITC north, south or
directly over the equator?

Neorth of the equator.
c. What season of the year is it most likely to be based on your answer to b?

mum heating occurs at the subsolar point. Midspring is also a reasonable answer,
10. Again look at Figure 4.8. What kind of weather would you forecast for the next 24 hours in:
a. Madrid?

Increasing cloudiness followed by rain, heavy at times.
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Cairo?

iz

Continued clear and har.

Cape Town?

el

Partly cloudy and cald.
d. London?
Continued shawers likely, cooling.

Study Figure 4.9. Pay particular attention to any wind indicators you might see. Mars
rotates in the same direction as Earth.

a. What evidence is there that the Coriolis effect is at work here?

There are several dark wind streaks behind craters north of the polar ice. The streaks trail the craters to

the nor west. Cool, narthward moving air was deflected to the west fleft).
The left deflection of winds indicate the picture was taken in the southern hemisphere.

Look at Figure 4.10 taken by a spacecraft over Mars.

What do you think this cloud feature is?

Lm‘

A low pressure center; a cyclonic storm.

b. In what hemisphere is this feature and why?

Northern hemisphere; spirals are tightening counterclockwise around the low.

past Jupiter and is now on its way past
Spot (GRS) appears to be a great storm.

Figure 4.11 was taken by a spacecraft that flew p
Saturn and out of the solar system. The Great Red

a. !n which direction are the winds around the GRS rotating?
Counterclockwise.
b. Is the GRS located in the southern or northern hemisphere?

Southern.

109
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c. s the rotation correct for a Coriolis-induced low pressure storm?

No. the rotation of the GRS ia Fig. 4.11 appears to be counterclockwise. Close observation shows
that gases are piling up into turbulent eddies on the western (left) side of the GRS and are smoothly

flowing around the system on the eastern side.

The GRS is a storm of unknown origin. Although Vovyager was able to measure its rotation
rate, it could not conclusively prove if clouds were rising out of the center or diverging at the top.
The rotation of the GRS is evidently a result of bands of wind moving in opposite directions north
and south of it. This is called shearing. It is equivalent to rolling a ball between the palms of your
hands as you move them in opposite directions. The GRS is not the result of the Coriolis effect

on Jupiter.
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UNIT FIVE

THE GEOLOGICAL MAPPING OF OTHER PLANETS

¥

Few things are as important to explorers as good maps. The same is true for planetary scien-
tists who must do their exploring by looking at spacecraft pi¢tures. The importance of surface maps
to the scientific study of a planet cannot be overéstimated. The geologic history of a planetary
surface can be read from specially drawn maps. Measurements of the sizes of planetary features
can be derived from precision mapping. An appreciation for the scope and mechanisms of external
(e.g. cratering) and internal (e.g. volcanic) processes comes from mapping.

There are many- types of maps that can be drawn to describe a planet's surface. The simplest
is a reproduction of the visible surface features within a chosen area at an appropriate scale on an
appropriate projection. Photographs or shaded relief maps can serve this purpose. Topographic
contour maps superimpose elevation data on the base maps. Geologic maps identify distinct surface
materials on the base map and place the units in a time sequence. In this unit the principles of
geologic mapping are deviloped.

111

Fig. 5.1: The geclogy of the Lunar Apennines. Thisis
3 small section of the 1977 geologic map of the near
side of the Moan by Wilhelms and McCauley (U.5.
Geological Survey Map [-703). The map is a combi-
nation of observations and interpretations of lunar

surface materials displayed in such a way as to make

sense out of the seemingly complex fju;“ﬁblé of fes-
tures. Materials with similar characteristics are
enclosed by boundary lines called contacts. Each
material unit is identified by a two-letter symbaol that
specifies not only its type, but also its relative age.
The work is based partly on spacecraft and partly
on telescapic photography.
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PHOTOGEOLOGIC MAPPING OF THE MOON: THE PROVINCES

OBJECTIVE
To recognize how careful observations of a planet can be turned into geologic maps that yield valuabi

infarmation.

MATERIALS

Mone required.

PROCEDURE AND QUESTIONS

]

A geologic map is a tool used to display geologic information in a concise and descriptive way
Such a map allows a geologist to represent his observations in a form that can be understood b
others. It summarizes observations made at different geographic localities in a unified form. A geol
ogist uses a geologic map as a physicist uses a graph. To understand a great many geologic observa
tions in a comprehensive way without a map would be difficult.

The making of geologic maps involves classifying surface and near-surface rocks in differen
units according to their type and age. On Earth this involves a combination of field work, laboraton
studies, and analyses of aerial photographs. In planetary geoloay, geologic mapping must be don
remotely—mostly by interpretation of spacecraft photographs (field work is rather costly and no
always practicall). Map units are identified on photographs by distinct, observable characteristics
such as color, roughness, resistance to erosion, light-scattering ability, or other physical or chemica

teristics on the photographs.

On the Moon and Mercury most of the effort in making geologic maps involves distinguishin
various units created by impact craters. Voleanism also created some units. The same is true on al
other inner planets. The Earth and Mars also have atmospheres which contribute new processes
(e.g. erosion) and tectonism (e.g. earthquakes). The relative importance of each is responsible fo
the different ''faces’’ of the planets we see. _

This brief exercise shows that the surface of the Moon is not the same everywhere. The Moor
can be roughly divided into two provinces or terrains, Each of the two terrains is made up of many
different units. Small areas have distinctive characteristics that, when observed on high resolutior

photographs or on the ground, are seen to be separate rock units, or formations. But the first steg

picture’’.
1. Examine Figure 5.2, an ébservatory photograpi of the near side of the Moon.
a. Is the surface of the Moon homogeneous, that is, is it composed of material that appear:
to be the same everywhere?
b.
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the sun climbs in the lunar sky, the brighter the sur appears because of the high reflectivity of the cratered
The bright ray patterns surrounding some of the prominent impact craters beco t obvious under
1 of Ewen A. Whitaker, University of Arizona.
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4,

you can. Study Figure 5.2,

TERRAIN "A" TERRAIN "g"

What characteristics of the lunar surface (that can be distinguished on the photographs) did
you use to distinguish the two terrains?
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PHCTOGEOLOGIC MAPPING OF THE MOON: THE PROVINCES

{Instructor’s Key)

Examine Figure 5.2, an observatory photograph of the near side of the Moon.

1.
a. ls the surface of the Moon homogeneous, that is, is it composed of material that appears
to be the same everywhere?
No.
b. Why or why not?
Ar this scale, the lunzr surface appears heterogensous.
2. VWhat is most noticeable about the lunar surface?
The most obvious characteristic of the lunar surface is the presenice of craters, from extremely large degraded
circular structures (hasins) to bowl-shaped depressions at the limit of resolution.
3. Determine for yourself that the Moon can be divided into two main terrain types or provinces,
(for example, cantinents and oceans ori Earth). List as many characteristics of each terrain as
you can. Study Figure 5.2.
TERRAIN "A" TERRAIN "B"
The Lunar Maria {dark plains) The Lunar Terra {bright highlands)
1. dark {low albedo) 1. lighrt [high aibedo)
2. smooth (low relief] 2. rough (high relief]
3. sparsely cratered 3. heavily cratered
4. topographically low areas 4. topographically high areas
4. What characteristics of the lunar surface (that can be distinguished on the photograpiis) did

you use to distinguish the two terrains?

Albedo (reflectivity), topographic relief, density of craters.
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Name _____

Class . . . ... Date.

PHOTOGECLOGIC MAPPING OF THE MOON: STRATIGRAPHY

OBJECTIVES

To demanstrate how stratigraphic units can be recegnized on angther planet and how they can be orderad

in fime.

PROCEDURE AND QUESTIONS

Nicholas Steno, a seventeenth century Danish physician, is credited with first stating the
simple but powerful geological Principle of Superposition. He wrote that ', . . at the time when
the lowest stratum was being formed, none of the upper strata existed,” or in its modern restate-
ment, the youngest strata are found at the top of a vertical sequence, the oldest at the bottom.
Although this principle seems obvious, erosion and tectonism (movement of the crust) sometimes
makes it difficult to sart out the correct sequence in which rocks were stratified on Earth. Cn other
planets, however, this principle is translated into relative age determinations through observations
such as onlap, embayment relationships, transection, crater density, and crater degradation. Look
at the idealized geologic map in Figure 5.3. Three rock units have been mapped based on their
identifiable and distinctive surface characteristics (surface morphaology, albedo, etc.). How are
their relative ages determined? Unit A embays several of the large craters and topographic promi-
nences characteristic of Unit C. This strongly suggests that Unit A onlaps onto, or is superposed
this conclusion can be found in terms of impact crater density and crater degradation. Impact
craters are much more abundant on Unit C, and the majority of craters found there are more
degraded than those found on Unit A. Since more impact craters accumulate on a surface with time,
this supports an glder age for Unit C. What about Unit B? This unit appears superposed on Unit A,
and portions of the unit even appear to onlap onto Unit. C. Thus, from these relationships, it can
be established that B is the relatively youngest unit, A is the next oldest, and C is the oldest unit.
What about the two graben or faults in the area? Fault 1 cuts, or transects Unit C (and is thus
younger) but does not cut and is embayed by Unit A (and is thus older). Fault 2 transects Units C,
A and B, and is thus the youngest mapped feature in the area. From the series of concepts rooted
in the Principle of Superposition we can arrive at the following relative age sequence (stratigraphic
column) and history for the region {oldest listed at base):

GEOLOGIC ROCK UNITS FAULTS

Youngest Faul= 2
Unit B emplacement
Unit A emplacement

Fault 1

Oldest Unit C emplacement

O
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GEOLOGIC ROCK UNITS FAULTS
¥ gungest Faulg 2
Urnit B emplacement

Unit A smplacement

Fauli 1

Unit C emplacement
Dirdest _ _ _

Fig. 5.3: An idealized portion of the funar surface. Each unit is meant to display the observable physical char-

acteristics in general of real lunar surface features.
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Figure 5.4 is a picture of the Apello 15 ijunar landing site taken from the orbiting command

and service module. The picture is also a detailed leok at the boundary between the two terrain
1ypes you studied in the previous activity.

o

Place the clear film acetate over Figure 5.4. With the grease pencil trace the outline sepa-
rating the two terrain types.

Remove the acetate and list the characteristics you used to distinguish the terrains; that is,
list the features of each terrain.

TERRAIN A TERRAIN B

What do you think is the age relationship between the two terrains? Give your reasons.

Is there any discrepancy between your answer to Question 3 and the list of characteristics
you made in the previous activity, Question 3? How might any problems be resolved?

What is the possible origin of the sinuous trough (Rima Hadley) winding from N-6 up to its
bifurcation at C-5?

Replace the acetate and trace Rima Hadley.

Look carefully at the prominant crater at K-7 (Hadley crater). What is its age relative to
Rima Hadley? How do you know this? What about relative to the terrain in which it is
found? Why? Relative to the other terrain? Why?
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Fig. 5.4: Apollo metric mapping photograph AS15-0585. The picture was taken over the Apollo 15 landing site
st H-11.

Sl 10 1730




Timea Stratigraphic
Urits

Hack Unis

MECTARIAN
SYSTEM

PRE-NECTARIAN

i
]

Eratasthenss

Erupiion of
witespread lava

TiaFsirts

Iatarsum

Basin

Crisiun 3

Tranguitlitatis J

Few lavas wath relativaly
Fresh surfaces

M

umeraus overlapping large
impact cfaters and assofiated
:c1a3 sheets together with
basin ejecia

Any igneous achivity at surface
ohscured by 1mpact craters

jaregalith’™

‘Crystalling’ rocks formed by

O

ERIC

Aruitoxt provided by Eic:

activity
- a6x10” - - Farmation ot moon an] .
Fig, 5.5: The Lunar Geologic Time 5cale.



[

10.

11.

13.

ERIC

Aruitoxt provided by Eic:

Loaok at the crarer located at K-5. How is it different from Hadley crater (K-7)? What is
K-5's age relative to Hadley crater? How can you be sure?

Replace the acetate and cutline ail craters that have characteristics in common with Hadlay
crater.

Study the region around F-3. Is there any evidence for another process that has left its
imprint on the lunar surface? What is the age of this process relative to the terrain in which it
is found?

There is a very tiny crater located almost exactly at F-5, immediately southeast of two large
craters lined up in a north-south direction. What do you notice about the surface immediately
surrounding the small crater? What does that tell you about its age? Is this the only tiny
crater with this characterisitic? (hint: ook to the right of F-3)

Place ail of the geologic units and special features you have just studied in the correct age
sequence in the chart below. When you think you have the correct age sequence, consult the
simplified lunar geologic time scale (Fig, 5.5). Then fill the appropriate time stratigraphic
unit beside each feature.

GEOLOGIC ROCK UNITS OTHER FEATURES TIME UNITS
youngest T T T
oldest
\ i’; y 121 1 33




PHOTOGECLOGIC MAPPING OF THE MOON: STRATIGRAPHY
{lnstructors Key)

1, Piace the clear filrn acetate over Figure 5.4. With the grease pencil trace the outline sepa-
rating the two terrain types.

2. Rermove the acetate and list the characteristics you used to distinguish the terrains; that is,
list the features of each terrain.

TERRAIN A TERRAIN B
mare terrain highland terrain
7. dark 1. mountainous
2. flat 2. bright
3. cratored 3. cratered
4. troughs 4. eroded features
5. crisp features
3. What do you think is the age relationship between the two terrains? Give your reasons.
The highland terrain is older because the mare terrain embays it.
4. Is there any discrepancy between your answer to Question 3 and the list of characteristics

you made in the previous activity, Question 3? How might any problems be resolved?

The highland terrain should be more heavily cratered. It does not appear to be, but in fact the heavy crater-
ing history has eroded crisp features and obliterated older craters.

5, What is the possible origin of the sinuous trough (Rima Hadley) winding from N-6 up to its
bifurcation at C-5?

Answers will vsrr,,;E'gr-mgg_t; should suggest fluid flow, like wster. Water was not found on the Moon. The
fluid was basaltic lava flows.

6. Replace the acetate and trace Rima Hadley.
7. Look carefully at the prominent crater at K-7 (Hadley crater). What is its age relative to
Rima Hadley? How do you know this? What about relative to the terrain in which it is
found? Why? Relative 1o the other terrain? Why?
Hadley crater is younger than Rima Hadley because it obliterates part of it. It is younger than the terrain
in which it is found because of superposition and younger than any feature older than the mare terrain.
122 -
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nlelngt terra

{ ook at the crater located at K-5. How is it different from Hadley crater (K-7)? What is
K-5's age relative to Hadley crater? How can you be sure?

¥ .5 js more degraded (eroded) and is located in the highland. mountainous terrain. Because it is located in

g different unit and there are no obvious materials cormmon te both, it is nor possible to tell the relative age.

RED!E‘EE the acetate and outline all craters that have characteristics in common with Hadley
crater.

Study the region around F-3. Is there any evidence for another process that has left its
imprint on the lunar surface? What is the age of this process relative to the terrain in which it
is found? -

There are “chicken track’* or herringbone-shaped gouges on the surface surrounded by bright material. They
appear to have been caused by a process other than fluid flow ar initial (primary) impact. In fact, they are
secondary impact structures carved by fow angle, ballistically emplaced debris from 3 distant primary impact.

on the phato.

There is a very tiny crater located aimost exactly at F-5, immediately southeast of two large
craters lined up in a north-south direction. What do you notice about the surface immediately
surrounding the small crater? What does that tell you about its age? Is this the only tiny
crater with this characterisitic? (hint: look to the right of F-3)

This tiny crater also has a small bright ray pattern. That together with itscrisp appearance suggests thatitis
as young as the herringbone secondaries. There are other examples elsewhere.

Replace the acetate and outline the areas like those you discovered in Questions 9 and 10.

Place all of the geologic units and special features you have just studied in the correct age
sequence in the chart below. When you think you have the correct age sequence, consult the

simplified lunar geologic time scale (Fig. 5.5). Then fill the appropriate time stratigraphic
unit beside each feature. -

TIME UNITS

GEOLOGIC ROCK UNITS | OTHER FEATURES

herringbone secondaries

Hadley crater
Rima Hadley Eratosthenian
mare
old craters j

\ Imbirian
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THE PLANETS IN STEREQO

To appreciate the importance of studying geologic features as three dimensional bodies.
MATERIALS P
Classroorn pocket stereoscope
PROCEDURE AND QUESTIONS
Geologists are concerned with rock formations as three dimensional bodies. When geologic
maps are drawn, they are never compiete until a cross-section describing the vertical relationships of
formations is drawn. Drawing cross-sections of planetary surfaces is not always a simple matter,

Natural incisions in the surface, such as canyons or craters, are helpful in visualizing rock layering
to 3 modest depth. Accurate topographic measurements necessary fer an understanding of planetary

stratigraphy can be obtained from stereoscopic piciures.

Special tools can be used with stereoscopic aerial pictures to draw topographic contour maps.
Elevations can then be calculated for surface features. Today computers are used io draw complete
topographic maps from a stereo pair of photos. But you can discover some simple geologic and
geometric relationships among surface materials from careful study of stereograms.

vision. We all have a pair of eyes with lenses that are separated by about 65 mm. Under normal
circumstances the brain receives two images of the same target, each frem a slightly different angle.
The brain then interprets the scene as one, but with depth. We use the same principle to make a
stereogram, ‘

Figure 5.6 is a stereogram made from Figure 5.4 and its stereo mate. Stereo pairs are made
by taking two consecutive photographs of the same target from slightly different angles. A space-
craft can automatically do this as it travels in its orbit. The special metric mapping cameras on
board the Apollo vehicles took sequential pictures that overlapped by 78 percent. That is similar
to the overlap that our two eyes provide for the same scene. To reconstruct the stereo, each half
of a stereogram must be seen by a separate eye. A pocket stereoscope allows you to do this.

1. Examine Figure 5.6 using the pocket stereoscope. Study the contact (boundary where two
different types of materials meet) between the hills and low dark plains. Describe the contact

135



D right halves are 60 mm apart. North is to the top. The spacecraft was 103 km above the ground.
15
Q

ERIC

Aruitoxt provided by Eic:



Q

ERIC

Aruitoxt provided by Eic:

Fig. 5.7: Stereogram of Meteor Crater, Arizona. The left and right frames were taken by & U.5. government
aircraft flying from north to south over the crater. North is p-inted to the right o that aircraft motion is
fram right to left. The dark square on the north rim of the crater is the parking lot for the main Visitors Center

floor of the crater are the remains of a turn-of-the-century drilling outpost that was built to recover a suspected

deposit of nickei and iron from the meteorite. None was ever found. We know why today: the meteorite never
survived the impact. Total depth of the crater is 120 m.

Fig. 5.8: A specially produced stereogram of the surface of Mars. Many sterec pairs of Mars were constructed
by the computer facilities at the Jet Propulsion Laboratory in Pasadena, California. This particular product is
JPL 77/08/16/221518. It was made by taking orthographic projections of pictures from separate orbits of the
Viking spacecraft (left picture VO 75 4A52, right picture VO 75 4493), scaling each to match the other, and turning
them so that apparent spacecraft motion is from left to right. The praminent circular feature at the bottom is 7 km
i diameter. North is in the direction of the teardrop point. The picture is 800 km east of the Viking Lander 1

touchdown site.

%
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Fig. 5.9: The surface of Mars in stereo. The Viking Lander spacecraft had the capability of taking stereo pictures
at the landing site. Since the Lander could not physically move on the surface, it was equipped with two cameras.
The cameras were mounted an the top deck 80 cm apart. That is more than 10 times the average 65 mm baseline
between our eyes. Therefore, Viking has a considerably enhanced “depth perception™. The cameras did not operate
like our eyes or conventional film or television cameras. Therefore, special computer generated projections were
required to reproduce this sterec pair. The left picture is JPL 78/10/19/171012, the right /s JPL 78/10/18/175118.
The distance to the rocky crags on the horizon is about 4 km. Rocks in the near foreground are all a few tens of

centi neters across.
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Study Figure 5.7 in stereo. Describe the rim and expl: in why its appearance is consistent wit
an impact crater.
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Describe the texture on the interior walls of the crater. What are likely to be the reasons ft
the texture?

Look at Figure 5.B in stereo. What is the large round feature at the bottom of the pictur
Speculate about its origin.

What is the relationship between the teardrop-shaped material and the circular structure
Between the teardrop-shaped material and the outer material?

Propose an origin for this interesting feature. What importance does the circular feature hav
to the teardrop-shaped material?

Look at Figure 5.9 in stereo. What evidence is there for aeolian (wind) activity at the lande
site?
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{Instructor’s Key)

Examine Figure 5.6 using the pocket stereoscope. Study the contact (boundary where two
different types of materials meet) between the hills and low dark plains. Describe the contact
and draw some conclusions about the age Fej;'atigﬂship between the hills and piains.

The contact is very sharp and abrupt. It appears that the plains lap up and around the hills. The strong
suggestion is that the plains once were material that flowed around the hills.

What evidence is there that the Hadley crater was formed by meteorite impact into the
dark plains, rather than the plains having flowed around an old pre-existing crater?

The rim is raised and slapes continuously upward rrom the plains.

Describe the age relationship between Hadley crater and Rima Hadley and give your reasaons.

Hadley s rim appears to cover part of Rima Hadley on the east. The crater is thus younger by superposition.

Study Figure 5.7 in stereo. Describe the rim and explain why its appearance is consistent with

an impact crater.

The rirn is raised, typical of impact craters.

What do the dark dots on the rim appear to be?
\I B
Large boulders.

Describe the texture on the interior walls of the crater. What are likely to be the reasons for
the texture?

Gullies due to erosion, wall failure, faulting, etc.

Look at Figure 5.8 in stereo. What is the large round feature at the bottom of the picture?
Speculate about its origin.

An impact crater; raised rim, central peak, and terraced walls.

What is the relationship between the teardrop-shaped material and the circular structure?
Between the teardrop-shaped material and the outer material?

The teardrop-shaped material appears to be a plateau or island on a plain. The crater is part of that island.
In fact, the island formed as a result of the crater. See next question.

Propose an origin for this interesting feature. What importance does the circular feature have
to the teardrop-shaped material?
This may be an island in a dry river bed. The crater acted as a barrier to the flow forming a streamlined area

Behind it protecte! from erasion.

!;*
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10. Lock zt Figure 5.9 in stereo. What evidence is there for aeolian wind) activity at the lander
site?

There snpear to be dunes to the left and parches of the same material deposited in the center. Some of the
rocks cauld be ventifacts (carved by wind action).
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LATIDFORM MAPPING: NMOCHN, MERCURY AND M ARS

QOBJECTIVES
1. Using an Earth-vased lunar photegranh, you will describe and outline the following major geologic land-

fgrms: mu 2, highlands (terra) and major craiers.

Through examinatior af full gionz photcgraphs, you will ¢

cury and Mars,

3. Through comparison of full planet photographs and the table of characteristics of the planets (end-

dforms on the Moon, Mer-

2. mpare major lan

papers), you will deseribe:
a. The major differ 2nces in physical p roperties for the three planets.

How obisarved d:ffrrenees in physical properties could influence the cbserved landforms.

b3,

MATERIALS
1. Grease pencil
2. Compass

3. Table of characteristics of the planets {endpapers}

PROCEDURE AND QUESTIONS

10. Using the grease pencil, mark the boundaries of the different land-
on. Describe the characteristics of each lan dform which you marked.

1. Examine Fi 5.

igure
forms on the Mo

2. Which landform features, the light-colored highlands or the flat, dark maria, appears to be
the most heavily cratered? :

3.

ERIC
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north pole is at the top. Look up the diameter of the Moon (see table on the endpapers).

t

o 132 143

ERIC

Aruitoxt provided by Eic:



Fig. 5.11:. Mariner 10 mosaic of Mercury, NASA P-14580. North is to the top.
of Mercury (see table on the endpapers].

S P




Hear, cloudless atmosphere. Note especially the dark, circular prominence to the north (just east of the terminator).
Tlose inspection reveals a crater in its center. Viking approach photograph VO 75 170C26, MTIS 1018.
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Notice the flat region to the left center of the Mercury photograph. This is the eastern edq
of a very large crater feature cailed the Caloris Basin  a lava-filled structure some 13C
km across. This is one of the largest and most interesting features on the surface of Mercur

Examine Figure 5.12. Do the same features found on Mercury and the Moon also occur ¢
Mars?

Examine the table listing the physical properties of the inner planets. List the major diffe
ences in physical properties among the Moon, Mercury and Mars. Next to each “‘difference
explain how it could affect the surface landscape.

Using a compass, draw circles showing the relative sizes of the 3 planets and the Earth. Hc
does the complexity of the surface features relate to the size of the individual planet?

1.00 -
75 -
.50

25 -
obl 25
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LANDFORM MAPPING: MOON, MERCURY AND MARS
{Instructor’s Key)

OBJECTIVES

1. Using an Earth-based lunar photagraph, you will dascribe and outline the following major geologic
forms: mare, highlands (terra) and major craters.
Through examination of full globe photographs, you will compare major landforms on the Moon,
cury and Mars.
Through comparison of full planet photographs and the table of characteristics of the planets {
papers), you will describe:

a. The major differences in physical properties for the three planets.

[N

T

 MATERIALS
1. Grease penci!
2. Compass
2. Table of characteristics of the planets (endpapers)

PROCEDURE AMD QUESTIONS

i. Examine Figure 5.10. Using the grease pencil, mark the boundaries of the different |
forms on the Moon. Describe the characteristics of each landfoerm which you mar

Dark areas {maria) are flat, smooth, relatively uncratered, light areas (terraej are rugged, bright and £
cratered.

2. Which landform features, the light-colored highlands or the flat, dark maria, appears tc
the most heavily cratered?

" Light-cofared highfands.

L

Examine Figure 5.11. What landforms do the Moon and Mercury have in common?

Uncratered plains, heavily cratered areas, bright-rayed craters.

. 136 ’
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Do any craters on the Moon show “‘rays’’?

Yas 7

Is there any evidence of “‘rayed’’ craterson Mercury?

Yes

Notice the flat region to the left center of the Mercury photograph. This is the eastern edge

of a very large crater feature called the Caloris Basin - a fava- filled structure some 130C
km across. This is one of the largest and most interesting features on the surface of Mercury.

B

Examine Figure 5.12. Do the same features found on Mercury and the Moan alse occur or
Mars?

Some, mostly craters.

Are there any significant differences?

More smooth plains in this view of Mars than on the Moon or Mercury.

Examine the table listing the physical properties of-the inner planets. List the major differ
ences in physical properties among the Moon, Mercury and Mars. Next to each ""difference,’
explain how it could affect the surface landscape.

Gravity is bigher on Mercury, would cause impact ejecta to be thrown a shorter distance than on Moon
Mars. Differences in density could cause differences in crust-mantle-core properties that in turn would aff

volcanic and tectonic activity.

Are there any factors, other than those you pointed out in No, 7, that could influence lanc
scape features?

Presence of atmosphere on Mars results in more effective gradation (weathering, erosion, etc.).

Using a compass, draw circles showing the relative sizes of the 3 planets and the Earth. Hoy
does the complexity of the surface features relate to the size of the individual planet?

The larger the planet, the mare complex the surface.

Moon Mercury

rd N
ol ®
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GEOLOGICAL FEATURES OF MARS

OBJECTIVE

'vn\

vl

When you complete this exercise, you will be able to examine photographs of the surface of Mars and de-
scribe the dominant geological processes that have pn:\dun:ed the landscapes shown in the photographs.

ROCEDURE AND QUESTIONS

RT A: VOLCANIC FEATURES OF MARS — AMONG THE MOST FAMOUS OF THE®

MARTIAN FEATURES ARE THE GIANT VOLCANOQOES

Figure 2.4
Location 18°N, 133°W
Olympus Mons

Olympus Mons is a shield volcano 550 km in diameter, towering 24 km above the surround-
ing plain. Around its base is an escarpment (steep cliff) which is up to 6 km high; its origin
is unknown.

a. is the caldera on top of the mountain a simple crater or a complex system of craters?

b.  What could cause ihé unusual structure of the caldera?

Figure 5,13 )
Location 13°24'S, 49°30'w
Equatorial plateau

This is the edge of the equatorial plateau region. The plateau was probably formed by a
series of lava flows.

a. What does the small number of craters on the plateau indicate about the probable age
of the plateau?
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Fig. 5.13: Viking Orbiter photograph 338A17. An equatorial plateau on Mars. Width of the picture
is approximately 220 km. North is ta the top.
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"Figure 5.14
Tithonius Chasma, Location 5°S, 89°W
lus Chasma

Note the general patterns of the canyons. Each canyon is about 60 km wide and 1 km deep.

a. What type of feature on Earth does this landscape resemble?

There is a sharp ridge along the center of this canyon which should not be found in a
typical water-cut canyon. What do you suppose caused this ridge?

EVIDENCE OF WATER ON MARS
Figure 5.15 and Figure 5.12
No liguid water has been found on Mars and little water is contained in the atmosphere,

a. Where could wzter be trapped on Mars?

b. How do we know that liquid water ever existed on Mars?

Figure 5.16 o

Location 4°N, 27°30'W

Tiu Vallis

Shown here is a channel about 45 kilometers wide., Note the flat areas near the channel
banks, the small channels which seemn to braid together, and the teardrop-shaped islands.
This evidence points to erosion and deposition by water.

15i
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Fig. 5.14: Viking mosaic P-17708. Canyons just south of the martian equator. Each canyon is
t
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Fig. 5.15: .5.G.5. mosaic of the surface of Mars. This chaotic terrain is located near 10°S, 43°W south of Chryse
Planitia. The box canyon is abhout 40 km wide at its head. South is to the rop.

Fig. 5.16: Viking Orbiter photagraph 83A38. A portion of Tiu Vallis an Mars. North is to the top.
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that might have created this landscape from the first event to the present. Remember
that the agents of erosion which have modified the landscapes on Mars are running
water, wind and gravity.

Figure 5.17

Location 17°N, 55°W :

West of Chryse Planitia

MNotice the series of channels apparently cut by running water.
a.  Were the channels cut before the period of cratering?

b.

C.

Figure 5.18
Location 22°N, 33°W
Eastern part of Chryse region

This view of the eastern part of the Chryse region is near the Viking | landing site. Note
the teardrop-shaped features around the craters.
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Fig. 5.17: Viking mosaic P-17688. Channels near the Viking Lander 1 landing site on Mars. Note the similarity to
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Fig. 5.18: Viking mosaic 211-4987. Part of Ares Valley on Mars. Channel beds and islands near the
Viking Lander 1 site indicate ancient turbulent flow. The teardrop island is about 40 km long. North is
to the top.
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What evidence is thare to indicate the flow direction in this channel?

o
0

FART D: AEOLIAN FEATURES ON MARS

8. Figure3.2 ' t ~
Location 47°S, 330°W
Hellespontus

100 mph for lang periods of time, they are capable of changing many surface features.
a. What wind-produced landscape feature is shown on the floor of this large crater?

d. What does the presence of the ridges indicate about the type of material that maki
up the martian surface in this area?
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8.

PART E: ANCIENT TERRAIN OF MARS

11.

Figures 3.3 and 3.4
a. What evidence of wind erosion is shown here:

by, How could wind direction be determined:

Figure 5.132

Location 47°N, 226°W

Utopia Planitia

Two theories have been advanced to explain the texture of the racks seen at the Viking
Lander 2 site: 1) they are volecanic and their surface is vesicular; that is, full of holes
formed by gas escaping while they were still hot; and 2) they are probably igneous and have
pits formed by the etching out of softer minerals by erosive actien of windblown sand

particles.

a. Examining other features in this photograph, what evidence indicates features due to
action by wind?

Figure 5.20
Location 24°S, 5°30'W
Sinus Meridiani

Among the oldest of the martian features are the heavily cratered areas. In areas such as
these, many different processes may have operated to create the landscape shown,

a. From your knowledge of the factors that control the landscape form (internal forces
such as voleanism, external forces such as erosion by water, the type of rock, such as
lava or sand, and the amount of time involved), describe the role of each of these
factors in creating the landscape shown:

Internal forces: . .. . ... e e e eriirciimseemzeirasens
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Fig. 5.19: The surface of Mars as seen by Viking Lander 2. JPL photograph 78/10/21/014626.

Local
time is 5:20 pm. The white vertical column on the left side of the picture is the Lander’s meteorology
experiment boom.



Fig. 5.20; Viking mosaic 211-5207. Ancient cratered martian terrain south of Sinus Meridiani. Note the variety
of crater morphologies. Picture width is about 600 km. North is to the top. :

o4
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Time involved: s

k.  Are ali of the craters shown about the same age? Explain.

PART F: POLAR REGIONS OF MARS

12. Figure 5.21
Location 71°S, 30°30'W

In this portion of the south polar region is a series of ledges shown by the dark lines.
Assume that each ledge is of similar thickness. The area shown is 88.5 by 63.5 kilometers.

a. Where on this photograph would the steepest terrain be found?
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Fig. 5.21: Mariner 9 photograph, NASA 72-H-813. The sou

] [ . - L .
th polar region of Mars. The black dots in perfect afray
are not surface features, but ealibration markings built into the Mariner 8 camera.
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b. How is this photograph like a topographic map?

c. Is there any evidence to show whether this area is an old landscape or a young one

Figure 5.22
Location 89°N, 200°W
MNerth Polar Frost Cap

»w\

Like the Earth, Mars has polar ice caps. The view shown is during the martian summer. Th
ice cap measures about 1000 kiluineters in diameter. There appear to be deposits of dus
(windblown) interlayered with the ice.

a. What do the layers probably indicate?

. Under what conditions could an ice cap of frozen carbon dioxide form?

14, Figure5.23 )
Location 80°N, 48°W

This view of Mars’ north polar ice cap shows the layered deposits beneath the cap and man
topographic features surrounding the cap.

a. What agents of erosion were probably active in the creation of the landscape featur
shown in this photograph?
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Fig. 5.22: Mariner 8 photograph 75-H-578. The martian north polar frost cap has receded to its minimum size.
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Fig. 5.23: Viking mosaic 211-5270. A portion of the edge uf the north polar ice cap on Mars. The North Paole
is beyond the top edge of the picture.
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PART G: SUMMARY QUESTIONS

15. Figu
E

Details seen on the close-up views are often not visible on full-planet photograph . Examine

the full globe view and answer the following guestions:

)

What types of landforms are visible on the fuli-planet view?

. What evidence of volcanism is visible?

c. Are there any impact craters visible?

d.  Could any one single factor be considered the most important one in creating the mar-

tian landscape? Explain yvour answer.

e, From examination of the close-up views of Mars, what agents have been important in
creating the landscape of Mars?
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GEOLOGICAL FEATURES OF MARS

{Instructor’s Notes)

OBJECTIVE .
Using photographs of the martian landscape, the student will be able to describe the dominant geologic
forees which produced the landscape features examined.

DESCRIPTION
There are many reasons for studying other planets, not the least of which is to better understand our own
planet and its evolution. The sdme basic erosional and weathering forces found on Earth also exist to some
degree on some of the other planeis. In this exercise, the student will examine photographs of Mars taken
by spacecraft, and by careful analysis, draw conclusions about the events that have occurred. In the analysis
of the martian photos it is impartant for the student to remember that four factors interact to produce the
observed landscape features: 1) the nature of the surface materials, 2) internal forces, 3) external forces,
and 4) time involved. Much of the surface of Mars is covered by either heavily cratered plains, windblown
deposits, or polar ice. Veolcanic deposits are common on Mars and cover extensive areas. The large volcanic
features on Mars and vast tectonically-modified regions are the result of internal forces. Weathering and

and gravity {which is responsible for the mass wasting features of the canyon areas). Except for cratering,
significant modification of landscape features by external forces has not occurred on the Moon and Mercury.
The role of time in the creation of landscape features is of special significance. Few of the Earth’s present
landscape features are more than a few million years old, and there are slmost no landscapes which are
more than 10 million years old. Many martian features are several hundred million years old, some are
even over a billion years old. /

REFERENCES

Entire issue of the Journal of Geophysical Ressarch, vol. 82, no. 28, September 30, 1977, scientific results
of the Viking project.

Entire issue of the Journal of Geophysical Research, vol. B4, no. B 14, December 30, 1979, Secend Mars
Colloquium.

Entire issue of Sclentific American, September, 1975.

Entire issue of Seience, vol. 184, no. 4260, October 1, 1976.

PRE-LAB DISCUSSION

If students are not familiar with the factors that interact to produce landscapes, these factors should be
discussed. The signigicance of the study of other planets is also an important area for discussion. Learning
more about the Earth from the study of other planets is a point to stress through discussion.
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GEOLOGICAL FEATURES OF MARS

{Instructor’s Key)

PART A: VOLCANIC FEATURES OF MARS — AMONG THE MOST FAMOUS OF THE

—

MARTIAN-FEATURES ARE THE GIANT VOLCANOES

Figure 2.4
Location 18°N, 133°W
QOlympus Mons

Olympus Mons is a shield volcano 550 km in diameter, towering 24 km above the surround-
ing plain. Around its base is an escarpmaznt (steep cliff) which is up to 6 km high; its origin
is unknown.

a. |5 the caldera on top of the mountain a simple crater or a complex system of craters?

It is a group or system of eraters.

b. What could cause the unusual structure of the caldera?

Muitiple crater collapses within the caldera or explosive removal of the upper part of the caldera. A
collapse could be caused by withdrawal of magma from below.

Figure 5.13

Location 13°24'S,49°30'W

Equatorial plateau

This is the edge of the equatorial plateau region. The plateau was probabiy formed by a

series of lava flows.

3 What does the small number of craters on the plateau indicate about the probable age
of the plateau?

The small number indicates that the plateau is relatively young.
b. Which agent of erosion could cause an escarpment such as shown here? Notice the edge
is sharp without the branching channels typically found on Earth.

Mass movement, such as fandslides or slumping, would be responsible for this feature. There is

little evidence of erosian by water.
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PART B: Tt GREAT CANYONS

Figure 5. 14
Tithonius Chasma, Location 5°S, BO°W
lus Chas a
Mote the coneral patterns of the canyons. Each canyon is about 60 km wide and 1 km deep.
a. What ty.. : of feature on Earth does this landscape resemble?
A canyon or 3 ravine.
b.  How might a feature such as this one form?

Answers will vary. Water or lava flows might be suggested. In fact the steep, sharp walls and huge
dimensions argue for tectonic {crustal movernent} causes. It is possible that local subsidence along
fault lines caused the canyons.

c. There is a sharp ridge along the center of this canyon which should not be found in a
typical water-cut canyon. What do you suppaose caused this ridge?

Answers will vary. The ridge may have been the result of block-faulting.

PART C: EVIDENCE OF WATER ON MARS

4.

Figure 5.15 and Figure 5.12
No liquid water has been found on Mars and little water is contained in the atmosphere.

a. Where could water be trapped on Mars?

In the polar caps. Although not obvious in the pictures, most geologists believe thar significant
amounts of water are trapped as ice in a permafrost layer.

h. How do we know that liquid water ever existed on Mars?

Answers will vary. Some students may already be aware of erosional features on Mars and will there-
fore be able to answer correctly.

Figure 5.16 7

Location 4°N, 27°30'W

Tiu Vallis

Shown here is a channel about 45 kilometers wide. Note the flat areas near the channel
banks, the small channels which seem to braid together, and the teardrop-shaped islands.

This evidence points to erosion and deposition by water.
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6.

a. What evidence is shown in the photegranh to indicate the direction the wate- tlowed’

i
The shape of the islands (tear-dropped). The pointed tail is directed downstrean.

(o
vt

Examine the entire landscape shown in this photograph. Notice the bumpy, hum-
mocky landscape around the channel. Note the channel. List the sequence of events
that might have created this landscape from the first event to the present. Remember
that the agents of erosion which have modified the landscapes on Mars are running
water, wind and gravity.

Creation of hummocky terrain

Water erosion and creation of islands — terraces

Impact cratering

Boby b o~

Wind erosion

Figure 5,17
Location 17°N, 55°W
Waest of Chryse Planitia

Notice the series of channels apparently cut by running water.

J

g

d. Were the channels cut before the period of eratering? . .

They were cut during the cratering period.

1. what evidence is there for this conclusion?

Some channels cut across the craters, others are interrupted or superposed by craters. Thus, neither
came first, but both were contemporangous.
c.  What evidence is shown to indicate the direction of stream flow?

The channel’s dendritic pattern indicates flow was from left to right. The branches feed into main
channels in that direction.

Figure 5.18

Location 22°N, 33°W

Eastern part of Chryse region

This view of the eastern part of the Chryse region is near the Viking | landing site. Note
the teardrop-shaped features around the craters.
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What evidence is there to indicate the flow
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The tear.jrop-shaped islands point downstream.

Ider than the stream-type channel?
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While some of the craters may pre-date the charnel, the gjecta patte:n in several is superimpased on
s channel featu: 25, thereby shawing thar these craters, st least, formed after the channel.
PART D: AEOLIAN FEATURES ON MARS
8. Figure 3.2 -
Location 47°S, 330°W
Hellespontus

Winds on Mars are probably important landscape changing agents. Flowing at speeds of over
100 mph for long periods of time, they are capable of changing many surface features.

a. What wind-produced landscape feature is shown on the floor of this large crater?

Dunes and dune-like structures. Whether it is “sand’ cannot be determined from the pictures.

What evidence is shaown in this photograph to indicate wind direction?

\P\“

The structures can be interpreted as transverse dunes because of the parallel, linear ridge configuration
and close spacing (although the dunes are more complex than that). As on Farth the prevailing wind
must be at right angles to the dunes. In this case the general wind direction is from the southwest. The
dark streaks south of the dunes and other regional indicators nat visible in the picture corroborate thjs.

c. What are the approximate dimensions of the ridges in the crater {width, length)?

The distance between ridge crests is approximately 2 km. The length of any one ridge js berween
10 and 20 km.

d. What does the presence of the ridges indicate about the type of material that makes
up the martian surface in this area?

It is unconsolidated sand-like material, unconsolidated because it can be maoved around, and sand-
like because our terrestrial experience reguires it to forim dunes.

w 171

ERIC

Aruitoxt provided by Eic:



O

ERIC

Aruitoxt provided by Eic:

10.

Figures 3.3 and 3.4 "
a. What evidence of wind erosion is shown here:

Bright and dark streaks ernanate from craters in Figure 3.3 suggesting sediment transport by wind.
The yardangs in Figure 3.4 are carved by wind.

b. How could wind direction be determined:

The streaks “tail-out™ of the crater with the wind; they are like wind socks at an airport. The fluted

tion along that axis.

Figure 5.19

Location 47°N, 226°W

Utopia Planitia
Two theories have been advanced to explain the texture of the rocks seen at the Viking
Lander 2 site: 1) they are volcanic “and their surface is vesicular; that is, full of holes
formed by gas escaping while they were still hot; and 2) they are probably igneous and have
pits formed by the etching out of softer minerals by erosive action of windblown sand
particles. . )

Examining other features in this photograph, what evidence indicates features due to
action by wind?

W

There are several small, rippled, dune-like deposits present in the center of the photcegraph, indicating
that a sustained wind blew across this region at some time in the geologic past.

PART E: ANCIENT TERRAIN OF MARS

11.

Figure 5.20 7
Location 24°S, 5°30'W
Sinus Meridiani

. . . . N
Among the oldest of the martian features are the heavily cratered areas. In ?reas such as
these, many different processes may have operated to create the landscape shown.

-]

such as volcanism, external forces such as erosion by water, the type of rock, such as
lava or sand, and the amount of time involved), describe the role of each of these
factors in creating the landscape shown:

a. From your knowledge of the factors that control the landscape form (internal forces

Internal forces:

There appear to be ridges at various places between the craters, particularly in the southwest comner.
They may be indicative of lava flows, where the ridges represent the leading edges, or lokes, of the
flow.

e
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External forces:

Impact crarering, erosion by water as shown by the dendritic channeling, and erosion by wind as
shawn by the dark patches and bright streaks in and around craters.

MNature of the surface material:

There is probably a covering of some loose-unconsolidated material covering a solid bedrock of
igneous material {lava flows).

Time involved:

The number of different processes . .. for an extended period of time from the earliest lava flows
to cratering to channeling to wind er:. sion.

b. Are all of the craters shown about the same age? Explain.

No, some craters are sharp and crisp and some are degraded or eroded.

¢. Why do same regions of Mars have a higher crater density than other regions?

Internal forces may not be as active as on other regions of the planet.

Externsl forces may not be equally active, i. e., wind and water erozion.
Regions with 3 higher crater density may be geologically older.
Surface material may bury some craters.

by b~

PART F: POLAR REGIONS OF MARS

12. Figure 5.21
Location 71°S, 30°30'W

In this portion of the south polar region is a series of ledges shown by the dark lines.
Assume that each ledge is of similar thickness. The area shown is 88.5 by 63.5 kilometers.

a. Where on this photograph would the steepest terrain be found?

Where the lines are closest together, you would find the steepest terrain.

173
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13.

14,

How is this photograph like a topographic map?

o

The ledges in the terrain are like contour lines on a topographic map.

is there any evidence to show whether this area is an old landscape or a young one?

There are very few craters, which indicares that this is a relatively young area.

Figure 5.22

Location 89°N, 200°W
North Polar Frost Cap
Like the Earth, Mars has polar ice caps. The view shown is during the martian summer. The
ice cap measures about 1000 kilometers in diameter. There appear to be deposits of dust
{windblown) interlayered with the ice. '

5. \What do the layers probably indicate?
Pericdic deposition of ice, then dust, then ice; .6 aseasonal extension and retreat of the ice cap with

airborne sediment deposition berween.

b. Under what conditions could an ice cap of frozen carbon dioxide form?
|

It has fo be cold and there has to be a source of carbon dioxide.

Figure 5.23 ) )
Location 80°N, 48°W Vi

A

This view of Mars’ north polar ice cap shows the layered deposits beneath the cap and many
topographic features surrounding the cap.

What agents of erosion were probably active in the creation of the landscape features
shown in this photograph?

Meteoroid impact —as evidenced by the few craters visible.
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PART G: SUMMARY QUESTIONS

15.

Figure 5.12
Fuil Globe View

Details seen on the close-up views are often not visible on full-planet photographs. Examine
the full globe view and answer the following questions:

a. What types of landforms are visible on the full-planet view?

Violcanoes, craters, canyons, plains.

b. What evidence of volcanism is visible?
Volcanoes.

¢c. Are there any impact craters visible?
Yes, especially the large basin to the south.

d. Could any one single factor be considered the most important one in creating the mar-
tian landscape? Explain your answer.

It would be very difficult to attribute the creation of the martian landscape to any one factor bhecause
the nature of the planet s complex.

e, From examination of the close-up views of Mars, what agents have been important in
creating the landscape of Mars?

f.  Which of these agents is not visible on the full-planet view:

Wind and water.
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The Naticnal Aeronautics and Space Administration produces films describing NASA research
and development programs and achieverments in space and aeronautics. These films may b2
borrowed for showings to educational, civic, industrial, professional, youth and similar groups. They
may also be shown as unsponsored public service telecasts, unless otherwise indicated. Local video
tape transfer is encouraged. Television stations with urgent requirements should call (202) 755-3500.
There is no rental charge; however, borrowers must pay the cost of return postage and insurance.

When ordering a film, please give the name, address and zip code of the person and the
organization assuming responsibility for the film. Films cannot be lent to minors. Please specify first
and alternative choices of showing dates, and list any alternate film desired in case the requested film
is not available. Please order films at least 30 days in advance of showing date.

NASA Regional Film Libraries

if you live in:
Connecticut
Detaware
District of Columbia
Maine
Maryland
Massachusetis
New Hampshire
New Jersey
New York
Pennsylvania
Rhode Island
Vermont

Alaska
Arizona
California
Hawaii
Idaho
Montana
Nevada
Oregon
Utah
Washington
Wyoming

Alabama
Arkansas
lowa
Louisiana
Mississippi
Missouri
Tennessee

Florida
Georgia
Pugrto Rico
Virgin lslands

Write to:

NASA Goddard Space Flight Center
Publie Affairs Office

Code 202

Greenbelt, MD 20771

(301) 344-8101

NASA Ames Research Cer.tor
Public Affairs Office, 204-12
Moffett Field, CA 94035

(415) 965-6278

NASA George C. Marshall Space Flight Center
Public Affairs Office, CA-20

Marshall Space Flight Center, AL 35812
(205) 453-0040 -

NASA John E Kennedy Space Center

Public Affairs Office

Code PA-EPS

Kennedy Space Center, FL 32899 .
(305) 867-4444



Kentucky NASA Langley Research Center

North Carolina Mail Stop 1458

South Carolina Technical Library

Virginia Hampton, VA 23665

West Virginia (804) 827-2634

litinois NASA Lewis Research Centar
Indiana Office of Educational Services
Michigan 21000 Brookpark Road
Minnesota Cieveland, OH 44135

Chio (216) 433-4000 ext. 708
Wisconsin .

Colorado NASA Lyndon B. Johnson Space Genter
Kansas Public Information Branch
Nebraska " Film Distribution Library

New Mexico Houston, TX 77058

North Dakota {713) 333-4980

Oklahoma

South Dakota

Texas:

Alaska requesters may also obtain Selected NASA fiim from
Alaska State Library ’
Pouch G
Juneau, Alaska 99801
Requests for NASA films within the Hawailan Isiands can also be referred to The Department of
. Education, State of Hawaii, Office of Library Serwces Support Services Branch, 641- 18th
- Avenue, Honolulu, Hi 95816
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1. For further information, call NASA Audio Visual (202) 755-3500.
- 2. Alaska requesters may 3lso obtain selected NASA film- from Alaska State Library, Pouch G,
Juneau, AK 89801.
3. Requests fi ', 'NASA films within the Hawaiian Islands can also be referred to The Department of
Education, State of Hawaii, Office of Library Services, Support Services Branch, 641-18th Avenue,
Honolulu, HI 96816.
HOW TO ORDER NASA PUBLICATIONS e
NASA also publishes a variety of beautifulhgillugtrated books and pamphlets on a wide range of
topics. These publications are extremely useful to educators. A pamphlet describing these publica-
tions can be obtained by writing directly to:
Education Services
LCG-9 A
National Aeronautics and Space Administration
Washington, DC 20546
177
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A NOTE ABOUT PHOTOGRAPHS

Aﬁ sssential part of Planetary Geology is the use of spacecraft photographs. Ideally each stu-
udent-team should have access to ilossy photographic prints for use during the laboratory

dent or s

exercizes. F‘i hotocopies of the pictures in Thl; book (such as xerox copies) generally lack sufficient
detail to be useful. Offset pri inting is slightly better, but zgain this process is at least three gener-
ations removed from the original product.

Glossy prints or copy negatives can be obttairad for a nominal cost (in some cases for no
charge) from various sources. Each Spa cecraft photocraph caption in this book contains the neces-
sary picture identification numbers to help you in ontaining the photos. Usually the mission name
(Apollo, Viking, etc.) and frame ﬁumber is sufficient identification.

Listed below are several sources of space photography. Instructions for ordering photography
will be provided upon written request. Be sure to include your name, title, the fact that the photo-
graphs will be used at a non profit educational institution, and spec ific photograph numbers.

Far planetary missinn press release photos write to:

Goddard Space Flight Center Jet Propulsion Laboratory
Public Affairs Office 4800 Oak Grove Drive
Greenbelt, MD 20771 Pasadena, CA 91103

For telescopic photography of the Moon write to:

Lick Observatory
University of California
Santa Cruz, CA 95064

For lunar mission photography write to:

Lunar and Planetary Institute
Photolibrary

3303 NASA Road 1
Houston, TX 77058

m
o]
e

eral spacecraft photography write to:

Mr. Robert Vostreys

National Space Science Data Center
Code 601

Goddard Space Flight Center
Greenbelt, MD 20771

For spacecraft and high altitude aircraft photography of Earth and additional details on space
photography and maps write to: . -

EROS Data Center
U.S. Geological Survey
Sioux Falls, SD 57198




SUGGESTED CORRELATION OF TOPICS

Th s activity

UNDERSTANDING THE PHASES OF THE MOON

IMPACT CRATERING
COMPARING CRATERING PROCESSES
IMPACT CRATERING ON A RAINY DAY

AEOLIAN PROCESS: MARTIAN WIND TUNNEL

CORIG LIS EFFECT
CORIOLIS EFFECT: DEMONSTRATION |
CORIOQOLIS EFFECT: DEMONSTRATION 1l

may be useful when teaching

Celestial sphere

Characteristics of the Maon

Mapping of the Moon
Motion of the Earth
Motion of the Moon

Principles of photography

Solar and lunar eclipses

Telescopic views of the Moon

Conservation of energy

Craters on the Earth, Moon, planet

Kinetic energy
Meteorites

Space

Strength of geologic materials

Surface of the Moon
Wearhering and erosion

Aerodynamics
Air and its properties
Arid lands
Climate

Deserts

Effect of wind
Environments
Erosion
Landforms
Meteorology
Weather

Air and its movements
Atmospheres
Circulation of air or sea
Forces {physics)
Mechanics (physics)
Meteorology

QOcean currents

Physics

Rotation of planets




STORM SYSTEMS Air and its motions

Air masses

Atmospheres

Cyclonic storms

g Forecasting weather

a Eronts, cold and warm

Meteorology
Weather satellites
Winds

Deductive reasoning
Geologic time
Geometric relationships

PHOTOGEOLOGIC MAPPING OF THE MOON:
THE PROVINCES
PHOTOGEOLOGIC MAPPING OF THE MOON:

L —

STRATIGRAPHY Geomorphology
Logic
Maps
Moon

Physiographic provinces
Remote sensing

Rock record

Satellite observations
Scientific method
Sedimentation
Stratigraphy

THE PLANETS IN STEREOQO : Solid geometry
Stereoscopic photography
LANDFORM MAPPING: MOON, MERCURY Comparison of planets
AND MARS Gedmarphology
Landforms
Planets, general
Space
Sizes of planets

GEOLOGIC FEATURES OF MARS Craters
Erosion
Geologic time
Glaciers
Groundwater
Lava flows
Polar climates

Rivers

Tectonics

Volcanoes

Water in the atmosphere
Wind




SELECTED GLOSSARY FOR PLANETARY GEOLOGY

i

liation that is retlecied by e, A high aibedo indicates a

ates a dark region. Lunur marda have a low glbedo: lunar highlands

¢ uf thie incomin

ALBEDO, The percentay
ton, a low dlbedo indic

light-colored e

have a high albedo. Albedos may be ditferent for different colors.

APOLLO PROGRAM. A United States spfsprogram with the principle objectives of lunding a Man on the
Maoon, studying the Moon’s surfuce and interfsl processes. and applying the knowledge wained to a better

umderstinding of the Earth,

AEOLIAN. (1} Applied 10 deposits arranged by the wind, 2) Applied to erosive aetion ol the wind and to

deposits so formed.
ASYMMETRIC. Lacking a mirror image construction on buoth sides of a dividing line. In the cuse of craters any
diwmieter should qualify as a dividing line for symmetry to apply.

BARCIHAN. A Jdune having a crescent shape. This type of dune is most charucteristic af inland desert regions,

Barchan structures have been photographed on the surtuce of Mars,

ression, more or less circular in form and much larger than the included vol-

CALDERA. A luige voleanic doy
canic vents. Caldera may be tormed by three processes: explosion. collapse und erosion,

CALORIS BASIN, A very lurge (1300 km) ringed basin on the surface of Mercury.
CHRYSLE PLANITIA. A large plain on Mirs which is the lunding site for Viking L

CONES. Smuall ungular peaks. common on some mare and crater {loors, formed by volcanism.

atown liunar inipact eriter about 90 km in diameter and possessing a well-defined ejecta

COPERNICUS. A well
blanket with Tong rays: named for the Polish astronomer.

CORIOLIS EFFECT. The results of the Coriolis force (see Corivlis force).

CORIOLIS FORCE. The apparent force caused by the rotation of an object (such as the Earth) which serves

to deflect a moving body on the surface. The Coriolis force causes vcean currents to be deflected to their

right in the Northern Hemisphere on Earth,

CRATER. (1) A bowlshaped topographic depression with steep slopes: (2) A voleanic vrifice. Craters are
: impact, as from a meteorite, eruprive, as from a volcanic eruption, and explo-

tormed by three process

plinets.

CRATERED TERRAIN. An expanse of a planetary surfuce possessing a large number and variety of craters.

CIROSS SECTION. A profile or vertical section through the surface to show possible rock structures beneatly.

DEIMOS. The smaller of Mars™ two moons, measering 13 x 9 kilometers. Deimos orbits Mars every 30.3 hours in

dowest to east directiorn,

DEPOSITION. The laving down of potential rock-forming material: sedimentuation.
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DIASTROPHISM. The process of processes by which rock material is deformed.
DOME. Small. rounded hill. Often formed through igneous activity,
DUNE. A low hill or bunk of drifted sand.

EJECTA. Any of a variety of rock fragments thrown out of a crater during formation and subsequently depuos-
ited ballistically on the surrounding terrain. The deposits themselves are called the ejecta blanket.

EOLIAN. See "Acolian.”

EROSION. The group of processes whereby rock material is remaved and trunsported. There are four agents of

erosion: running water, wind, glacial ice. and gravity (muss wastingj.
ERUPTIVE CRATER. See “Crater.”
EXPLOSION CRATER. See “Crater.”
FLOOR The low inner part or bottom of a crater.

FORMATION. The basic geologic unit used in mapping. A body of rock having recognizable upper and lower
boundaries easily distinguishable from other materials and large enough to be a practical mapping unit.

GEOLOGIC MAP. A drawing. usually in color, which indicates surface geologic structure in a region.

take place in the evolution of Jand forms.

GRADATION. The process of weathering rocks by disintegration and decomposition so that si.ey can be erod-
ed, transported and deposited in other areas. Gradation acts through the agents of erosion.

HIGHLAND TERRAIN. Sece “Terrae.”
IGNEOUS Rock type formed from molten rock material: process involving molten rock material,

IMBRIUM BASIN. The largest of the lunar basins; probably formed as a result of impact from a large comet or

asteroid with the Moon about 3.95 billion years ago. The many concentric rings appear to be faults pro-
duced by gravitational collapse following the impact event which created the basin.

IMPACT CRATER. See “Crater.”

JOVIAN PLANET. The major, or giant, planets that are characterized by great total mass. low average density,
and abundance of the lighter elements (notably hydrogen and helium). The jovian planets are Jupiter,
Saturn, Uranus, and Neptune.

LAVA. Molten rock (magma) or such materiat after cooling.
LAVA FLOW. A sheet of covled lava.
LUNAR HIGHLANDS. The light-colored, heavily cratered mountair -as part of the lunar landscape.

LUNAR ORBITER. A series of five unmanned spacecralt Taunched in the 1960% to gather photographic data
abets e Mou - (U.S.).

[
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MAGMA.  Molten rock material genenated bensath the surtace of u planet.

MARE (singular). MARIA (plurah). The smoath, tlat plains arcas of the Moon, Maria can be recogiized by their
low albede (dark appearance). They consist of basaltic lavas overlain by regolith.

MARE ORIENTALE. A 900 kilometer circular buasin located on one edge of the Moon. ds seen from Earth.

MARLD Star-locked unmuanned U.S. Spacecraft used fur electromagnetic (including phutographic) and

aravitational studies of the planets.

MASCONS.

1in some lunar basins,

“Mass-concentrations” indicating regions of high density material. Mascons are commonly found

wi
METEOR. The luminous phenomena which oceurs when a meteoroid enters the Earth's atmosphere.

METEORITE. A meteroid that has survived its (light through the atmosphere and lands on the surfuce ol a planet.

PETROLOGY. The study of rocks

PHOBOS. The lurgest of the two martian moons, Measures 23 x 16 km and revolves once every 7.7 hours in a

PHOTOMOSAIC. See "Mosaic.”

A class of spin-stabilized spacecraft; the first exploration of Jupiter was conducted by Pioneers 10

PLANETARY GEOLOGY. The study of the geology of the Muon. planets. and other solid surfuce objects.
PLANETESIMAL.  Large bodies in the solar system which are less than planet size.

RAYS. Light-colored streaks radiating from impact craters.

REGOLITH. The entire luyer or mantle of tragmental and loose rock material.

RELATIVE TIME SCALE A time scale based on the order in which a series of events occurred.

RILLES. Channel-like depressions on the unar surtace. Three basic types have been identified: linear rilles are
| kilometers wide and hundreds of kilometers long. They

cut across crater rims. Sinuous rilles are generaliy tound on lava surfaces and are thought to be lava channels
or collapsed lava tubes. Irregularly brancling tilles are thought to be formed by fracturing.

large. relatively straight depressions often sev

RINGED BASINS. Large crater-formed basins, such as the lmbrium Busin un the Moon or the Caleris Basin on
Mercury. that contain one or more topographically raised rings. They are thought to represent intpact scars
from planetesimals. [t is possible that such structures vecurred on Earth. but tectonic processes and ero-

sional forees have masked the structures,




RIM. The raised outer edyge of g crater.

ROTATION. The act of spinning about an internal axis.

SATELLITE. A smull hody in orbit around a larger object. The Earth is a satellite of the Sun. The Moon is a
satellite of the Barth,

SECONDARY CRATER . Formed when blocks ejected from u primary erater strike the surrounding surface,

creating another erater.
SELENQLOGY.  The study of the Moon.

STRATIGRAPHY. The branch of geology which treats the formation. compuosition, sequence and correlation ot

stratitied rocks

SUPERPOSITION. The onder in which rocks are pliced ahove une another, The Principle of Superposition stites

that in an undisturbed sequence of rocks. the oldest rocks should be on the bottom of the sequence,

TERMINATOR. The dividing line between light and darkness on a planet (day/night line).

LERRAE. The mighiand regions of the Moon. Typically. the werrae are heaviiy cratered with farge. ald-appearing

crulers oh a rigged surface with high albedo.

ssing sulid crusts. The terrestrial planets are Mercury,
estrial in nature, Terrestrial

TERRESTRIAL PLANET. The Barth-like planets posse
Venus, FHarth, Mars, and possibly Pluto, Many of the satellites also may be
planets are charactericed by a smaller dismeter and higher percentage uf the heavier elements than the

Jovian or major planets,

UNIFORMITARIANISM . A geological principle propused by Hutton which basically states that the present is
the key to the pust. Processes at work today on the surface are the same processes which have beenin effect
. it is pussible 1o understand past events,

throughout time, Through the study of present process
VIKING. U.S. Muriner-class spacecraft for the exploration of Mars. Two orbiters and two landers.
VOLCANISM. A form ol igneous activity involving the extrusion of magma at or near 7he surface.

VOLCANO. A vent in the crust from which molten lava, gases and/or pyroclastic materials issue. Voleanic
is composed of lava sheets, cinder, which is composed of

shicld, whic

cones are of three basic forms:
voleanie ash, and composite, made of alternating lava and ash layers.

WEATHERING,  The processes wherehy rocks chemically change and/er physically decay and crumble in
respoitse Lo surfuce conditions,

WRINKLE RIDGES . A general term applied to a variety of lunar ridges which have subtle differences in.mor-

ey, Some wrinkle ridges appear to be low-angle thrast-faulted surfaces produced by compressional

s, otlier ridges appear (o he related to the emplacemient of mare favas,

Ph‘!]l

sLress

YARDANGS . Irregular ridges formed by aeolian (wind) erosion,
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